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     Single neurons often receive synapses with distinct properties. However, the 
molecules regulating these distinct properties remain largely unknown. This dissertation 
focuses on deciphering such molecules using the mammalian hippocampus as the model 
system. Hippocampal CA3 neurons form synapses with CA1 neurons at two distinct 
layers, stratum oriens (SO) and stratum radiatum (SR). SO synapses possess higher levels 
of long-term potentiation (LTP) and large headed dendritic spines (mushroom spines) 
compared to SR synapses. Results in Chapter 3 discuss the identification of a synaptic 
specificity molecule cadherin-9 that is expressed in the CA3 neurons. Genetic deletion of 
cadherin-9 resulted in reduction of the enhanced levels of LTP and mushroom spines in 
CA1 SO synapses without affecting the SR synapses. Using in vitro studies cadherins-6 
and 10, expressed specifically in the CA1 neurons, were identified to be the postsynaptic 
binding partners of cadherin-9. Further, deletion of the postsynaptic cadherins resulted in 
reduced LTP and mushroom spines specifically in the CA1 SO layer similar to the 
phenotypes observed by deletion of cadherin-9. These results describe a novel functional 
heterophilic interaction between cadherins-6, 9, and 10 that regulate unique properties 
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     Every cognitive and motor activity critically depends on precise communication 
between specialized cell types called neurons in the brain. Neurons are highly polarized 
cells that send out information through long thin processes called axons and receive 
information on shorter and thicker processes called dendrites. The major site of 
communication between two neurons is a specialized junction, called a synapse, formed 
between the axon of the sender neuron and dendrite of the receiving neuron. Importantly, 
normal brain function requires synaptic specificity whereby synapses form between 
appropriate partner neurons, at the appropriate subcellular location and with a repertoire 
of molecular constituents specific to the unique demands of a given synapse. Despite 
decades of study, we know remarkably little about the system of rules that guide neurons 
to build specific kinds of synapses between appropriate partners during normal brain 
development and how these systems may go awry in disease.    
     The fundamental process of synaptic specificity can be conceptualized by a sequence 
of three steps (Sanes and Yamagata, 2009; Williams et al., 2010):  
1) During development, axons from the presynaptic neuron are guided to the correct 
postsynaptic target. 
2) The two cells recognize their correct partners amongst many incorrect targets.	   
3) Subsequently, specific molecular recruitment forms the correct type of synapse 
with its characteristic properties.  
     The first step entails guiding the presynaptic axon along the correct path, which leads 
to the second step where the axon recognizes its target postsynaptic neuronal membrane. 
This step majorly comprises holding the pre- and postsynaptic membranes together. 
Successful adhesion among the two membranes leads to the third step where various 
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signaling cascades are initiated. This results in recruitment of different synaptic factors 
like scaffolding proteins, synaptic vesicles, and various neurotransmitter receptors 
(Friedman et al., 2000).  Although several classes of molecules have been implicated in 
these processes, the most abundant class are cell adhesion molecules (CAMs). CAMs are 
integral membrane proteins (or membrane-associated proteins in certain cases) that have 
an extracellular domain (ECD) that binds to its partner CAM residing in the juxtaposed 
membrane. Moreover, these proteins generally have an intracellular domain (ICD) that 
can trigger downstream signaling (Dalva et al., 2007). This domain architecture makes 
CAMs ideally suited to relay extracellular information to the intracellular milieu. The 
major aim of this dissertation is to investigate the role of classic cadherins, a particular 
family of CAMs, in regulating characteristic properties of specific synapses (discussed in 
detail in Chapter 3). While a detailed review of current literature describing the role of 
cadherins in synaptic specificity is provided in Chapter 2, here I will give a brief 
overview of the role of various non-cadherin CAMs in the three phases of synaptic 
specificity outlined above. In the first section, I will highlight how CAMs have been 
implicated in guidance and target recognition of axons. In the subsequent section, I will 
give examples of CAMs that regulate characteristic properties of specific synapses.  
 
CAMs are instrumental in guidance and target recognition of axons 
     Guiding an axon to the correct target entails different axonal pathfinding solutions. 
Very long-range axons can be guided to an overall correct target region by a combination 
of attractive and repulsive guidance cues. In this case, CAMs often function as a coarse 
guidance system steering an axon away from wrong routes. Alternatively, axons and their 
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correct dendritic partners may both be progressing towards each other through a narrow 
stretch of neuropil until they find each other. In other systems, axons may need to find the 
correct target neuron among incorrect neurons in the vicinity. In both cases, “finding” is 
hypothesized to be dependent on binding the correct partner through an adhesive code 
mediated by matching CAMs present on the pre- and postsynaptic membranes. Finally, 
axons are further targeted to the correct subcellular destination of their target neurons. 
Here, CAMs may act as adhesives (to bind the axon to the correct destination) or as 
repellants (to exclude the axons from wrong subcellular layers). Below, I will describe 
some of the seminal discoveries identifying the role of CAMs in each of the discrete steps 
outlined above.   
     As an example of long-range axon guidance, corticospinal axons emanating from the 
neocortex cross over to the contralateral side just before entering the spinal cord and 
continue down to synapse onto motor neurons. In mammals, this process is orchestrated 
by the Eph-Ephrin family of CAMs, which actively prevent the axons from re-crossing 
over to the ipsilateral side. Receptor tyrosine kinase (RTK) EphA4 expressed in 
corticospinal axons binds to EphrinB3 expressed along the midline (Kullander and Klein, 
2002). Subsequent intracellular signaling via the RTK domain of EphA4 repels the axons 
away from the midline, thereby preventing re-crossing.  
     In the vertebrate retina, two classes of interneurons, bipolar cells and amacrine cells, 
synapse with retinal ganglion cells (RGCs) that relay visual information to the brain. 
Both the interneurons and RGCs can be further subdivided into several functional 
subtypes. Each particular subtype of RGC only synapses with a restricted and specific 
subset of interneurons. Interestingly, this complex synaptic specificity is achieved within 
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a narrow layer called the inner plexiform layer (IPL). In the IPL, the dendrites of a 
particular RGC and the axons of its partner interneuron arborize and form synapses in 
specific sublayers. Work from Joshua R. Sanes lab (Krishnaswamy et al., 2015; 
Yamagata and Sanes, 2008) showed that this  layer specificity is mediated by expression 
of specific immunoglobulin superfamily  CAMs (IgCAMs) . They found that four 
IgCAM members, Sidekick1, Sidekick2, Dscam, and DscamL, are expressed in non-
overlapping subsets of interneurons and RGCs. These IgCAMs undergo homophilic 
interactions, implying that the proteins bind in trans across juxtaposed membranes. 
Interestingly, each synapsing pair of neurons expresses a specific IgCAM. This led to a 
model where the IgCAMs act as specific adhesives that hold together axons and dendrites 
of matching pairs of neurons. This model, however, does not explain a more complex 
situation where an RGC arborizes into multiple IPL sublayers. In Chapter 2, I will discuss 
the role of cadherins in mediating synaptic specificity in such complex circuits.  
     In most cases, axons may need to choose their correct partners among other incorrect 
choices in the vicinity. One such example is the drosophila olfactory system, which is 
comprised of approximately 50 different types of olfactory receptor neurons (ORNs) that 
synapse with around 50 different types of projection neurons (PNs). Interestingly, these 
synapses are not random; each class of ORNs synapses with a particular class of PNs at a 
discrete glomerulus in the olfactory bulb. This extreme synaptic specificity provides an 
ideal model to find mechanisms that prevent axons from one ORN class promiscuously 
synapsing with neurons in multiple adjacent glomeruli. Hong et al. (2012) through an 
ingenious genetic screen identified two homophilic CAMs, teneurin-a and teneurin-m, 
that mediate the connection between specific ORN-PN pairs.  Genetic labeling studies 
 6 
	  
showed that two glomeruli, VA1d, and VA1lm, and their corresponding ORNs 
specifically expressed elevated levels of teneurin-m while an adjacent glomerulus DA1 
and its corresponding ORN specifically expressed teneurin-a. RNAi and ectopic 
expression experiments confirmed that specific teneurin expression patterns are necessary 
for targeting the ORN axons to their correct PNs. The fact that flies express only two 
teneurins suggests that additional CAMs may mediate the specific wiring of other ORN-
PN pairs.   
     Finally, I will review the roles of CAMs in targeting axons to the correct subcellular 
destination. Synapses formed at different parts of a neuron can have differential impact 
on the cell body and thus determine how the neuron integrates its incoming activity. 
Hence, it is imperative that axons form synapses at the correct subcellular location of 
postsynaptic neurons. One well-studied example of such a system is the Purkinje cell 
(PC) in the mammalian cerebellum. PCs receive inhibitory inputs onto their axon initial 
segment (AIS) from basket cells and on their dendrites from stellate cells. Ango et al. 
(2004) showed that PCs express an adhesion molecule Neurofascin186, a member of L1 
immunoglobulin family, specifically at the cell body and AIS. This molecule captures the 
basket cell axons near the cell body, which then climb towards the AIS following the 
Neurofascin186 gradient. They further showed that disruption of this gradient causes 
mislocalization of basket cell synapses into other regions of PCs. The stellate cell axons, 
on the other hand, are guided towards the PC dendrites by their interaction with another 
cerebellar cell type called Bergman glia. In a follow-up paper, Ango and colleagues 
identified another member of the L1 immunoglobulin family, close homologue of L1 
(CHL1), which is expressed in both Bergman glia and the stellate axons (Ango et al., 
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2008). Targeted mutation of CHL1 results in the inability of stellate axons to follow the 
Bergman glial processes. Hence, it was hypothesized that homophilic interaction between 
CHL1 molecules in both cell types facilitates the stellate axon guidance.  
     A different mechanism of subcellular specificity was reported in hippocampal CA3 
neurons, which receive inputs from dentate gyrus granule cells (DGs) specifically in a 
synaptic layer proximal to the cell body called stratum lucidum (SL). Suto et al. (2007) 
showed that CA3 neurons express a transmembrane semaphorin, Sema6A, throughout 
their dendrites that repels away the DG axons expressing a Sema6A receptor PlexinA4. 
However, expression of a different Sema6A receptor PlexinA2 specifically in SL 
attenuates the repulsion, thereby permitting DG axonal innervation specifically in that 
layer. Genetic deletion of PlexinA2 or PlexinA4 results in mistargeting of DG axons to 
incorrect dendritic layers of CA3 neurons (Suto et al., 2007).  
     Although seminal discoveries have identified the role of various CAMs in axon 
guidance (as highlighted above), a fundamental question still remains: Are the identified 
molecules enough to achieve the wiring complexity found in different parts of the 
nervous system? For example, it is conceivable that two members of the teneurin family, 
or a few members of the IgCAM superfamily, are not enough to explain the complex 
wiring scheme present in the olfactory bulb and retina. Future studies, therefore, will 
need to identify the molecular signatures of the variety of cell types comprising these 
complex systems. Recently, Shekhar et al. (2016) used single cell mRNA profiling to 
identify 15 different classes of bipolar cells in the mammalian retina. Similar studies, 
when extended to the downstream target RGCs, will help elucidate the molecular 
adhesion code that mediates specific synapse formation among all RGCs and bipolar cells 
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Role of CAMs in formation of correct type of synapses 
 with characteristic properties 
     It can be argued that once axons are correctly targeted, “generic” synaptogenic factors 
can build the synapses. However, synapses releasing same neurotransmitters (e.g., 
glutamatergic synapses) can have unique properties (Arai et al., 1994; Nicholson et al., 
2006; Nicoll and Schmitz, 2005). This leads to the hypothesis that individual classes of 
synapses use synaptic specificity factors to confer these distinct properties. Further, the 
disruption of these factors may only affect one particular class of synapses, but not other 
synapses in the cell that use other factors. In this chapter, I will discuss recent reports 
describing the role of three distinct classes of CAMs in hippocampal synaptic specificity.  
     Hippocampal CA1 neurons receive excitatory synapses in three distinct layers, stratum 
oriens (SO), stratum radiatum (SR), and stratum lacunosum-moleculare (SLM). Major 
inputs to SO and SR layers originate from hippocampal CA3 neurons while the inputs to 
SLM arrive from entorhinal cortex layer III neurons. DeNardo et al. (2012) showed that 
Netrin-G Ligand-2 (NGL-2), a leucine-rich repeat (LRR) domain containing CAM, is 
required for proper functioning of CA1 SR excitatory synapses but not SLM synapses. 
Genetic deletion or RNAi-mediated silencing of NGL-2 results in impaired synaptic 
transmission and less dendritic spines in CA1 SR layer but it does not affect the SLM 
synapses. Further, over-expression studies revealed that NGL-2 specifically localizes to 
CA1 SR dendrites but not to SLM dendrites. This study resulted in a model where NGL-2 
in CA1 SR dendrites binds its receptor Netrin-G2 in CA3 axons to regulate functional 
properties of CA1 SR but not SLM synapses.  
     In a different study, Anderson et al. (2015) were investigating synapses formed by 
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CA1 neurons with subiculum neurons. Subiculum neurons are the major hippocampal 
targets of CA1 neurons and are comprised of two functionally distinct pyramidal cell 
types, normal firing (NF) and burst firing (BF). In this study, ß-Neurexins were shown to 
be important for functioning of synapses between CA1 and BF neurons but not between 
CA1 and NF neurons. Neurexins, typically localized to the presynaptic terminals, are a 
family of synapse inducing CAMs known to regulate multiple aspects of synapse 
function (Krueger et al., 2012). Deletion of ß-Neurexins specifically from CA1 neurons 
resulted in reduced presynaptic release probability of CA1-BF synapses through an 
endocannabinoid-dependent signaling mechanism, but the deletion did not affect the 
CA1-NF synapses.  
     CA1 pyramidal neurons send their projections not only to downstream excitatory 
neurons but also to local interneurons that provide feedback inhibition to the CA1 
network. Although originating from the same presynaptic cell type, these pyramidal cell-
interneuron synapses have distinct functional presynaptic properties based on the identity 
of the postsynaptic interneuron. For example, synapses between CA1 pyramidal neurons 
and oriens-lacunosum moleculare (O-LM) interneurons have low synaptic release 
probabilities whereas synapses between CA1s and parvalbumin positive (PV) 
interneurons have high release probabilities. Sylwestrak and Ghosh (2012) showed that 
the low release probability of CA1-OLM synapses can be attributed to an LRR domain 
containing CAM named Elfn1 that is specifically expressed in the OLM interneurons. 
Acute knockdown of Elfn1 in OLM interneurons increases release probability of CA1-
OLM synapses whereas its overexpression in PV interneurons reduces the release 
probability of CA1-PV synapses. Thus, Elfn1expression in a postsynaptic cell is 
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sufficient to confer unique release properties of presynaptic axons. Collectively, the 
studies highlighted in this section provide evidence that synaptic specificity molecules act 
downstream of axon guidance to confer specific properties to specific synapses.    
 
Dissertation overview 
     In the current chapter, I provided a brief overview of the roles of various CAMs in 
different stages of synaptic specificity. In Chapter 2, I will review some relevant 
literature on the role of cadherins, a family of CAMs, in synaptic specificity. 
Subsequently, in Chapter 3, I will describe my research investigating the role of three 
cadherins, cadherins-6, -9 and -10, in mediating enhanced synaptic potentiation observed 
specifically in a set of hippocampal CA1 synapses. In Chapter 4, I will describe my 
results investigating a possible presynaptic role of these cadherins. Finally, in Chapter 5, I 
will propose different models that describe the possible mechanism by which these 
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     Neurons often integrate information by building specialized synapses with different 
inputs in distinct layers. Hippocampal CA1 neurons form synapses with CA3 neurons in 
two layers, stratum oriens (SO) and stratum radiatum (SR), and each layer develops 
unique synaptic properties. We demonstrate SO synapses have more mushroom spines 
and significantly enhanced long-term potentiation (LTP) than SR synapses and we 
discovered these differences require cadherins-6, 9, and 10. Though cadherins typically 
function via trans-cellular homophilic binding, our results suggest presynaptic cadherin-9 
binds postsynaptic cadherins-6 and 10 to regulate enhanced SO LTP. Finally, we show 
cadherin-6, 9, 10 heterophilic binding is highly sensitive to changes in external calcium, 
providing a potential mechanism whereby calcium depletion during enhanced SO LTP 
loosens cadherin-6, 9, 10 adhesion to allow synapse rearrangements. These data are the 
first to demonstrate heterophilic cadherin interactions regulate circuit function in vivo by 
contributing to layer-specific synaptic potentiation. 
 
Introduction 
     Complex neural circuits in the mammalian brain often intersect to allow the 
integration of information during higher-order cognitive tasks such as learning and 
memory. As a result, individual neurons constantly process synaptic input from multiple 
sources. Neurons accomplish this, in part, by forming synapses with structural and 
functional properties unique to each input (Nicholson et al., 2006; Nicoll and Schmitz, 
2005). Input-specific synapses are often spatially segregated onto distinct domains of the 
postsynaptic neuron (Ango et al., 2004; Förster et al., 2006; Petreanu et al., 2009). Thus, 
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building input-specific synapses on distinct neuronal domains requires two important 
steps. First, axons must be guided to the correct dendritic region. Second, the appropriate 
type of synapse must be constructed after axo-dendritic contact. Much progress has been 
made in understanding how axons are guided to correct dendritic regions (Ango et al., 
2004; Duan et al., 2014; Sanes and Yamagata, 2009; Suto et al., 2007). Thus, our 
research focuses on the second step: identifying the molecules and mechanisms 
responsible for building different types of synapses on individual neurons.   
     The classic cadherins are a family of calcium-dependent, homophilic cell adhesion 
molecules thought to contribute to synaptic specificity in several ways. Mammals have 
20 classic cadherins and many are expressed in a cell type-specific manner in the brain. 
Thus, there is potential for differential matching of cadherins to provide an adhesive code 
driving specific synapse formation (Redies and Takeichi, 1996). This idea is supported by 
several studies (Duan et al., 2014; Kuwako et al., 2014; Osterhout et al., 2011; Poskanzer 
et al., 2003; Suzuki et al., 1997; Williams et al., 2011). Moreover, cadherins localize at 
synapses and are implicated in regulating many synaptic functions, including synaptic 
vesicle clustering, short-term plasticity, dendritic spine stabilization, glutamate receptor 
recruitment, and LTP (Aiga et al., 2010; Bozdagi et al., 2010; Fièvre et al., 2016; Hirano 
and Takeichi, 2012; Jungling et al., 2006; Mendez et al., 2010; Saglietti et al., 2007; Tang 
et al., 1998; Togashi et al., 2002; Vitureira et al., 2011). However, the majority of these 
functional studies only investigated the role of cadherin-2 (also known as N-cadherin). 
Cadherin-2 is broadly expressed by neurons and likely affects generic properties common 
to most synapses rather than conferring input-specific properties. Thus, it remains 
untested whether other differentially expressed classic cadherins confer functionally 
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unique properties to specific synapses without affecting other synapses on the same 
neuron.  
     We showed previously that cadherin-9 is expressed in hippocampal DG and CA3 
neurons and is required for DG-CA3 synapse formation in vitro and in vivo (Williams et 
al., 2011). Here, we turned to the CA3-CA1 synapse to ask whether differentially 
expressed cadherins confer input-specific functional properties to synapses. CA1 neurons 
receive different types of excitatory inputs in three distinct synaptic layers. In the distal 
stratum lacunosum-moleculare (SLM) layer, CA1 neurons receive synapses from 
entorhinal cortex layer III (ECIII) axons while in the stratum oriens (SO) and stratum 
radiatum (SR) layers, CA1 neurons receive synapses from CA3 axons (Figure 3.1A). In 
addition, about 20% of CA1 SO inputs originate from hippocampal CA2 axons (Dudek et 
al., 2016).  
     Although the major inputs to CA1 SO and SR layers both come from CA3 axons, the 
two layers have distinct synaptic properties. Notably, the magnitude of LTP is 
significantly higher in SO compared to SR (Arai et al., 1994). We confirmed this 
dramatic layer-specific difference in LTP and our new results identify a corresponding 
morphological correlate as we show mushroom spine density is also significantly higher 
in SO. We then identified three classic cadherins, cadherins-6, 9, and 10, that are 
selectively required for enhanced LTP magnitude and mushroom spine density in the 
CA1 SO layer. Our results suggest they function via trans-synaptic heterophilic 
interactions with cadherin-9 acting at the CA3 presynapse and cadherins-6 and 10 at the 
CA1 postsynapse. These results are the first to directly implicate non-canonical 
heterophilic cadherin interactions in circuit formation in vivo. Moreover, our results also 
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identify new molecules underlying laminar synaptic specificity, providing critical insight 
toward elucidating the function of specific synapses during learning and memory.  
 
Results 
CA1 excitatory synapses have layer-specific properties 
     Synapses are broadly classified by the neurotransmitter released, but even synapses 
releasing the same neurotransmitter develop unique structural, molecular, and functional 
properties (Arai et al., 1994; Nicholson et al., 2006; Nicoll and Schmitz, 2005). Whereas 
unique features of highly unusual synapses like DG-CA3 mossy fiber synapses are well 
appreciated (Nicoll and Schmitz, 2005), subtle differences between more closely related 
types of excitatory synapses remain less explored. Here, we address this issue in CA1 
neurons, which receive “typical” glutamatergic excitatory synapses in three distinct 
layers (Figure 3.1A).  
     To determine if CA1 excitatory synapses have layer-specific properties, we first 
examined presynaptic structure by electron microscopy. We analyzed asymmetric 
synapses in CA1 SO (~50-100 µm from cell body), SR (~50-100 µm from cell body), and 
SLM (~350 µm from cell body). Synaptic vesicles (SVs) were classified as docked if they 
were touching the active zone membrane and proximal if they were within 30 nm of 
active zone (Figure 3.2A). We found that SO and SR presynapses, both of which are 
composed of primarily CA3 inputs, have similar structures and vesicle distributions 
(Figure 3.1B and C). In contrast, SLM presynapses are morphologically distinct from SO 
and SR synapses because they have higher SV densities and bouton area and thinner 
postsynaptic densities (PSDs) (Figures 3.1B, C, and 3.2A). 
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     Second, we tested for layer-specific postsynaptic differences by conducting spine 
shape and density analyses. CA1 neurons were microinjected with Lucifer Yellow dye 
(Figure 3.1D) and oblique dendritic segments from each layer were analyzed. Spines 
were classified according to their shape, which reflects the maturity and potentiation state 
of each synapse (Bourne and Harris, 2007; Harris, 1999; Harris et al., 1992). Absolute 
spine densities and the relative proportions of spine classes identified by our light 
microscopic analyses are consistent with those previously observed in electron 
microscopic reconstructions (Figures 3.2B-E) (Harris et al., 1992; Katz et al., 2009).  
     Our first main finding is that, like the presynapses, SLM postsynapses are distinct 
from those in SR and SO. Specifically, SLM spine densities are significantly lower and 
spine lengths significantly longer across most spine classes (Figures 3.1D-F and 3.2B-E). 
Our second main finding is that we also identified significant differences between SR and 
SO. SO has significantly higher densities of stubby and mushroom spines compared to 
SR (Figures 3.1E and 3.2C). Because mushroom and stubby spines represent the most 
mature and potentiated spine states  (Harris et al., 1992; Holtmaat et al., 2005; Matsuzaki 
et al., 2004; Roberts et al., 2010; Tønnesen et al., 2014; Xu et al., 2009), we reasoned 
higher mushroom and stubby spines in SO may reflect the prior observation that the 
magnitude of LTP in SO is significantly higher than SR (Arai et al., 1994). We tested this 
in our system and found that LTP magnitude induced by theta burst stimulation (TBS) of 
CA3 axons in acute hippocampal slices is significantly higher in SO compared to SR 
(Figures 3.1G-J). Thus, our results indicate CA1 SO and SR synapses differ at both 
electrophysiological and morphological levels. This is particularly interesting because 
both SO and SR are primarily composed of CA3-CA1 synapses that have been largely 
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assumed to develop the same properties. Thus, here we focused on elucidating molecular 
mechanisms selectively required for enhanced SO potentiation.  
 
Cadherin-9 specifically regulates synaptic 
 potentiation in the CA1 SO layer 
     We previously showed cadherin-9 regulates DG-CA3 synapse formation, functioning 
both presynaptically in DG neurons and postsynaptically in CA3 neurons (Williams et al., 
2011). Because cadherin-9 mRNA is expressed by CA3 neurons (Figure 3.3A) (Williams 
et al., 2011) and cadherins generally localize to both pre- and postsynaptic sites, we 
tested if cadherin-9 also localizes to CA3 axons. A plasmid encoding cadherin-9 fused to 
the high-performance epitope tag smFPFLAG (Viswanathan et al., 2015) was expressed in 
mouse embryos by in utero electroporation. Immunostaining at P21 revealed that cdh9-
smFPFLAG is found in distinct puncta along CA3 axons (Figure 3.3B), suggesting 
cadherin-9 localizes to CA3 presynaptic boutons.  
     Next, we used cadherin-9 knockout mice (Duan et al., 2014) to test whether cadherin-
9 is required for synapse form or function in CA3-CA1 synapses located in SR or SO. 
EC-CA1 synapses in SLM were also examined as a negative control because cadherin-9 
is not expressed by either ECIII or CA1 neurons. We confirmed knockout mice lack 
cadherin-9 protein in hippocampal lysates (Figure 3.4A) and then analyzed dendritic 
spines in all excitatory synaptic layers of CA1 neurons in Cdh9+/+ and Cdh9-/- mice. All 
spine analyses were conducted blind to genotype. No changes in total spine densities 
were detected in any layer, but we observed a specific and significant reduction of 
mushroom spine density in the SO layer of Cdh9-/- animals (17% average reduction 
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compared to Cdh9+/+ animals) (Figures 3.3C-H and 3.4B-D).   
     We then tested if the reduction of SO mushroom spines in Cdh9-/- animals correlates 
with impaired synaptic potentiation specifically in SO by measuring LTP in the SO and 
SR layers of Cdh9+/+ and Cdh9-/- hippocampal slices. In support, LTP is significantly 
lower in the SO but not the SR of Cdh9-/- mice compared to Cdh9+/+ mice (Figure 3.5). 
Interestingly, LTP levels in Cdh9-/- SO are similar to Cdh9+/+ SR (Figure 3.6A). This 
suggests cadherin-9 is not required for baseline LTP but is required for the enhanced LTP 
specific to the SO layer. Moreover, analysis of total spine density (Figure 3.3), input-
output curves from field recordings (Figures 3.6B and C), and spontaneous miniature 
excitatory postsynaptic currents (mEPSCs) (Figures 3.6D-F) suggests the LTP defect in 
Cdh9-/- mice is not due to impaired basal synaptic transmission. In sum, our results 
indicate cadherin-9 is required for normal mushroom spine density and enhanced LTP in 
the SO layer of CA1 neurons. 
 
Cadherin-6, 9, and 10 heterophilic interactions 
 mediate trans-cellular adhesion 
     Cadherins typically function via homophilic interaction. However, at CA3-CA1 SO 
synapses, cadherin-9 is expressed by CA3 but not CA1 neurons (Figure 3.3A). We 
therefore reasoned presynaptic cadherin-9 may bind other cadherins expressed in CA1 
neurons to carry out the layer-specific functions described above. Heterophilic cadherin 
interactions have been observed in cultured cell lines (Katsamba et al., 2009; Shan et al., 
2000; Shimoyama et al., 2000), but have not yet been shown to have functional relevance 
in the brain.  
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     To test if cadherin-9 functions trans-synaptically via other classic cadherins expressed 
in CA1, we identified all classic cadherins expressed in the hippocampus using the Allen 
Brain Atlas (Lein et al., 2007) and confirmed expression patterns by in situ hybridization. 
Cadherins-2, 8, and 11 are broadly expressed in all principal hippocampal neurons 
(Figure 3.7A). In contrast, cadherin-24 is expressed primarily in CA3 neurons and 
cadherins-6 and 10 are expressed in CA1 neurons (Figure 3.7A). We also examined the 
expression pattern of cadherin-10 by genetic labeling. Cadherin-10 knockout mice 
(Cdh10-/-) were generated by inserting CreER in the first exon of the cdh10 gene. These 
mice were crossed to the Cre-dependent Ai3 YFP reporter line to generate heterozygous 
cdh10-CreER+/-;Ai3+/- mice, which were injected with tamoxifen and immunostained for 
YFP. Our results indicate cadherin-10 expression is highly restricted to glutamatergic 
spiny CA1 pyramidal neurons (Figures 3.7B and 3.8A).  
     To determine if cadherin-9 in CA3 neurons can bind in trans to other cadherins 
expressed in CA1 neurons, we tested for interactions among hippocampally-expressed 
cadherins using a cell aggregation assay (Takeichi and Nakagawa, 2001). CHO cells, 
which express no endogenous cadherins (Figure 3.8B) (Ginsberg et al., 1991), were 
transfected with cadherins fused to GFP or mCherry and cell suspensions were mixed 
together. If the two cadherins interact in trans, mixed red and green aggregates result 
(Figure 3.7C, middle). If the two cadherins do not interact heterophilically, separate red 
and green aggregates form because all cadherins undergo homophilic binding (Figure 
3.7C, right). An aggregation index was calculated for each cadherin pair tested (see 
Supplemental Experimental Procedures). Consistent with a previous report (Shimoyama 
et al., 2000), we identified 4 heterophilic cadherin pairs; cadherins-6/9, 9/10, 10/6, and 
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8/11 (Figures 3.7C-E). As expected, all cadherins tested showed homophilic binding 
while cells expressing GFP and mCherry alone showed no binding (Figures 3.7C-E) and 
all binding is calcium dependent as it is completely prevented in the presence of EDTA 
(Figure 3.7C).  
 
Cadherins-6, 9, and 10 accumulate at 
 cell-cell junctions and synapses 
     We next investigated whether the heterophilic cadherins-6, 9, and 10 are co-recruited 
to cell-cell junctions in CHO cells and to axo-dendritic contact points in cultured neurons. 
To mimic hippocampal expression, we expressed cdh9-smFPFLAG in one set of cells to 
simulate CA3 neurons and plated them with a second set of cells expressing cdh6-
smFPHA and cdh10-smFPMYC to simulate CA1 neurons. Immunostaining shows that all 
three cadherins are preferentially localized at the interaction interfaces of the two cell 
types in both CHO cells (Figure 3.7F) and neurons (Figure 3.8C). To rule out the 
possibility that co-localization is an over-expression artifact, we repeated the experiment 
by mixing neurons expressing cdh9-smFPFLAG with neurons expressing cadherins that do 
not bind cadherin-9, namely cadherin-2 and cadherin-11. In this case, we did not observe 
co-localization at axo-dendritic contact points (Figure 3.8D).   
     For cadherin-6, 9, 10 heterophilic interactions to be biologically relevant, the binding 
partners need to be expressed at the same place and time in hippocampal synapses. To 
test this, we purified hippocampal synaptosomes from P7, P14, and P21 mice and 
immunoblotted for cadherins and synaptic markers (Figure 3.7G). All cadherins tested 
were enriched in the synaptosome fraction relative to lysates by P21 (Figure 3.7H). 
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Interestingly, we also observed a sharp and consistent age dependent increase in the 
levels of cadherins-9 and 10 in the synaptosome fraction while synaptic levels of the 
broadly expressed cadherins-2 and 8 remained relatively level over time (Figure 3.7I). 
This suggests different cadherins are recruited to synapses at different times and that 
cadherins-9 and 10 may play a more specific role in synapse maturation, which is 
consistent with our finding that cadherin-9 is required for enhanced SO LTP. In sum, our 
results indicate cadherins-9 and 10 are selectively enriched at cell junctions and maturing 
synapses.  
 
Cadherins-6 and 10 are required for potentiated  
synapses in the CA1 SO layer 
     Our results strongly suggest cadherins-6 and 10 are likely postsynaptic binding 
partners of cadherin-9 at CA3-CA1 synapses. If so, then mice lacking these cadherins 
should have reduced mushroom spines and SO LTP similar to Cdh9-/- mice. We first 
examined the Cdh10-/- mouse line. We confirmed Cdh10-/- mice lack cadherin-10 protein 
in hippocampal lysates and synaptosomes while expressing normal levels of cadherins-9 
(Figure 3.10A).  
     Spine analysis indicates Cdh10-/- mice have significantly reduced densities of stubby 
and mushroom spines compared to Cdh10+/+ mice specifically in the SO layer (Figures 
3.9 and 3.10B-D), resembling the spine phenotype observed in Cdh9-/- mice (Figures 3.3 
and 3.4). Correspondingly, Cdh10-/- mice also have reduced SO LTP and normal SR LTP 
(Figures 3.11A-F) compared to Cdh10+/+ mice. However, the reduction of LTP in 
Cdh10-/- mice did not quite reach statistical significance, likely because of the continued 
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presence of cadherin-6 in CA1 neurons. To test this, we generated double knockout mice 
that lack expression of both cadherins-6 and 10 (Figures 3.12A and B). Consistent with 
our hypothesis, Cdh6-/-;Cdh10-/- double knockout mice have significantly reduced SO 
LTP (Figures 3.11G-I). mEPSC analysis, total spine density, and input/output curves 
suggest baseline synaptic transmission is normal in the cadherin-10 knockout and 
Cdh6-/-;Cdh10-/- double knockout lines (Figures 3.12C-G). Though reduced, there is still 
some SO potentiation observed in cadherin-10 knockout and Cdh6-/-;Cdh10-/- double 
knockout mice. This supports our previous data and indicates cadherins-6, 9, and 10 are 
not required for baseline LTP but are required for the enhanced LTP specific to the SO 
layer. Taken together, results from binding assays, spine analyses, and LTP recordings 
strongly suggest presynaptic cadherin-9 interacts with postsynaptic cadherins-6 and 10 to 
regulate layer-specific spine potentiation and enhanced LTP in CA1 SO. 
 
 
Unique binding properties of cadherins-6, 9, and 10 may contribute  
to their specific role in CA1 SO potentiation 
     Why might cadherins-6, 9, and 10 affect synaptic potentiation specifically in CA1 SO 
but not SR? First, we tested if these cadherins specifically localize in the SO but not SR 
layer. We immunoblotted tissue from CA1 SO and SR layers and find cadherins-9 and 10 
are expressed at similar levels in SO and SR (Figure 3.13A). We verified our dissection 
technique using myelin, which is high in SO and low in SR (Gil et al., 2010) (Figure 
3.13A). It is still possible these cadherins and/or cadherin-6 are preferentially enriched at 
active synaptic sites in SO compared to SR but overall layer-specific localization of 
cadherins-9 and 10 does not explain their specific role in SO.  
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     Second, because CA2 neurons project preferentially to CA1 SO compared to SR (Hitti 
and Siegelbaum, 2014), we considered the possibility that reduced SO LTP in cadherin 
knockout animals could reflect disruption of CA2-CA1 synapses instead of CA3-CA1 
synapses. However, we find that neither cadherins-6, 9, nor 10 are expressed in CA2 
neurons. Using a CA2-specific marker on sections from Cdh10-CreER;Ai3 mice, we 
demonstrate cadherin-10 expression is limited to CA1 neurons (Figure 3.7B). Moreover, 
double in situ hybridization of cadherins-9/10 and cadherins-9/6 indicates there is 
consistently a gap in the signal for these probes in the CA2 region (Figure 3.14A and B). 
Thus, it is unlikely CA2-CA1 synapses are primarily affected in these knockout mice.  
     Finally, we reasoned that cadherin-6, 9, 10 interactions may display specific properties 
such that they function preferentially at synapses undergoing enhanced LTP. Elevated 
synaptic activity is thought to cause a temporary reduction of Ca2+ from the synaptic cleft 
(Egelman and Montague, 1999; Rusakov and Fine, 2003). This Ca2+ depletion may cause 
cadherin-6, 9, and 10 to lose trans-synaptic binding and thereby allow synaptic growth 
and restructuring (Tai et al., 2008). Thus, we tested whether extracellular Ca2+ reduction 
specifically inhibits binding of cadherins-6, 9, and 10 using the previously described 
CHO cell aggregation assay. Our results indicate that cadherin-6, 9, 10 binding is highly 
sensitive to calcium reduction and they significantly differ from other cadherins (Figures 
3.13B and C). Specifically, cadherin-2/2 aggregation is robust, reaching near saturation 
levels at the lowest Ca2+ concentration tested (0.5mM) while cadherin-8/11 aggregation 
shows intermediate Ca2+ dependence (Figures 3.13B and C). In contrast, cadherin-9/10 
and cadherin-9/6 interactions are weaker and more sensitive to changes in Ca2+ 
concentration. Cadherin-9/10 aggregates could only be detected in this in vitro assay at 5 
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mM Ca2+ (Figures 3.13B and C) and cadherin-9/6 aggregates started to form at 2mM 
Ca2+ (Figure 3.13C). Note that at 1mM Ca2+ mixtures of cadherin-9 and cadherin-6 cells 
results in largely homophilic cadherin-6 aggregates (Figure 3.13C), indicating cadherin-
6/6 homophilic binding is stronger than cadherin-9/6 heterophilic binding especially at 
lower Ca2+ concentration. Though this in vitro assay using free-floating cells does not 
precisely replicate in vivo binding conditions for juxtaposed membranes, it provides a 
useful estimate of comparative binding strength among different cadherins.  
     To investigate the calcium-dependent dynamic properties of cadherins in juxtaposed 
membranes of adherent cells, we performed fluorescence recovery after photobleaching 
(FRAP) experiments on fluorescently tagged cadherins. CHO cells were separately 
transfected with a single GFP or mCherry tagged cadherin, then GFP and mCherry 
transfected cells were mixed, and plated to adherent coverslips for live imaging. Under 
these conditions, when two cells that express interacting cadherins contact one another, 
the cadherins readily accumulate at the cell-cell junctions (Figures 3.7F and 3.13D,E). 
We then performed FRAP on cadherins at the cell junctions to determine if different 
cadherins have different stabilities or dynamics at cell junctions. Cadherins at cell 
junctions were photobleached and then imaged every 15 seconds to determine recovery 
time constants (see Supplemental Experimental Procedures). We determined that 
presence of the GFP or mCherry tag by itself did not differentially alter recovery time by 
imaging cell junctions in which the same cadherin (cadherin-2) was tagged with different 
fluorophores (Figures 3.14C).  
     Under physiological Ca2+ concentrations (2 mM), we observed similar recovery time 
constants for cadherin-2/2, cadherin-9/6, and cadherin 9/10 junctions (Figures 3.13D and 
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F). This suggests that turnover rates for different cadherins at physiological Ca2+ 
concentrations are similar. However, under low Ca2+ conditions (0.5 mM), cadherin-9/6 
and cadherin-9/10 junctions have significantly reduced recovery time constants compared 
to cadherin-2/2 junctions (Figures 3.13E and G). This indicates cadherins-6, 9, 10 have 
faster turnover and more dynamic cell junctions compared to cadherin-2 under conditions 
of limited calcium (Figures 3.13E and G). In summary, we propose cadherin-9 
heterophilic interactions would be first and most strongly affected (compared to other 
cadherins) by Ca2+ reduction following synaptic potentiation. This effect is likely to be 




     Principal neurons in the cortex and hippocampus form layer-specific excitatory 
synapses that are structurally and functionally distinct (Arai et al., 1994; Nicholson et al., 
2006; Nicoll and Schmitz, 2005). For example, CA3 neurons provide excitatory input 
onto CA1 spines in two synaptic layers, each with distinct synaptic potentiation 
mechanisms. Our new work begins to uncover the mechanisms underlying these 
differences. Here, we have identified three new molecules, cadherins-6, 9, and 10, 
required for CA1 layer-specific LTP.  
 
Identifying molecular mechanisms to understand  
the function of layer-specific LTP 
     In general, understanding the function of the brain at the cellular level requires 1) 
identifying specific connections, 2) understanding molecular mechanisms regulating 
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those connections, and then 3) using that molecular and cellular knowledge to manipulate 
those specific connections to determine their function. We initially conducted a thorough 
characterization of the structure of excitatory synapses in three CA1 synaptic layers 
(Figure 3.1). We used electron microscopy to evaluate presynaptic structures and 3D light 
microscopy to analyze postsynaptic spine shape and density in each layer. Our results 
from these analyses support two main conclusions. First, EC-CA1 synapses in the SLM 
layer have significantly different pre- and postsynaptic structures from CA3-CA1 
synapses in SO or SR. This is not entirely surprising given that SLM synapses are located 
on the thinnest, most distal dendrites and receive inputs from entorhinal cortex, a non-
hippocampal cell type. Second, and more surprising because they originate from the same 
general class of input, we identified subtle but consistent differences between CA3-CA1 
SR and SO synapses. Our results indicate the SO has a higher density of mushroom 
spines than SR and the magnitude of LTP is significantly higher in SO versus SR (Figure 
3.1D-J) (Arai et al., 1994).  
     The consequences of enhanced CA1 SO LTP on brain function are unknown, but 
relevant differences between CA1 SO and SR synapses have been noted. Spatial 
exploration tasks in rats cause a specific increase in CA1 SO spine density (Moser et al., 
1997), while Alzheimer mouse models have a specific reduction of CA1 SO spines 
(Perez-Cruz et al., 2011). These findings hint at a uniqueness in CA1 SO synapses and 
suggest the SO is particularly sensitive to changes in certain behavior or disease states. 
Further, individual CA3 axons project to both layers but the terminal branching is not 
equal between the two layers and may vary with the septal-temporal and ipsi-contralateral 
positions of the CA3 cell body (Li et al., 1994). Thus, though most SO and SR 
 39 
	  
presynapses originate from CA3 axons, they may represent different subpopulations of 
CA3 neurons along the hippocampal axis. Regardless, deeper investigation of the role of 
SO versus SR in hippocampal function requires the ability to molecularly or genetically 
manipulate SO or SR synapses. Here, we show loss of either cadherin-9 or cadherins-6 
and 10 results in specific reduction of CA1 SO mushroom spines and LTP compared to 
CA1 SR levels. Therefore, the knockout mice analyzed here and other tools targeting 
cadherins-6, 9, and 10 should provide important access to test enhanced potentiation in 
CA1 SO impacts hippocampal circuits and behaviors.       
 
Cadherins interact heterophilically to wire the brain in vivo 
     Thus far, most biological functions of cadherins are attributed to trans-cellular 
homophilic interactions. However, some cadherins engage in heterophilic interactions in 
cultured cell lines (Shan et al., 2000; Shimoyama et al., 2000). It was previously 
suggested that cadherins may use these heterophilic interactions in vivo (Duan et al., 
2014), but it had not yet been directly investigated. Our new results provide strong 
evidence that trans-cellular heterophilic interactions between cadherin-9 and cadherins-6 
and 10, expressed in CA3 and CA1 neurons, respectively, are necessary for synaptic 
potentiation in a subset of CA3-CA1 synapses.  
     Cadherins interact in cis (laterally) as well as in trans (Wu et al., 2010). Similar to 
trans interactions, most attention has been paid to homophilic cis interactions (Harrison et 
al., 2011). However, heterophilic cis interactions may be particularly important in the 
nervous system where most neurons express multiple cadherins. Here, we show that 
cadherins-6 and 10 expressed in CA1 neurons co-aggregate in cis when exogenously co-
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expressed in CHO cells and cultured neurons (Figure 3.7F, 3.8C). Our results suggest 
cadherin-6, 9, and 10 likely use heterophilic cis interactions (between cadherins-6 and 10) 
and heterophilic trans interactions (between cadherins-9 and 6 and cadherins-9 and 10) to 
form a trimeric complex regulating mushroom spine formation and LTP. Because CA1 
neurons also express cadherins-2, 8, and 11 (Figure 3.7A), it will be interesting to 
determine in future studies how adhesion is affected by even more complex combinations 
of synaptic cadherins.   
 
A new role for classic cadherins in layer-specific  
synaptic potentiation 
     Synapses are not static structures and instead require a complex balance of adhesive 
stability and flexibility. As a result, adhesion molecules are required for LTP, yet 
paradoxically, a loss of cell adhesion is likely required for spine restructuring following 
potentiation (Benson and Huntley, 2012; Tai et al., 2008). Our results suggest that 
cadherins-6, 9, and 10 are uniquely suited to this role during LTP because their adhesive 
state and motility are highly regulated.  
     Our results are not the first to implicate cadherins in LTP. Blocking cadherin-2 
function or deleting the gene results in impaired LTP in CA1 SR synapses (Bozdagi et 
al., 2010; Tang et al., 1998) and cadherin-2 is necessary for stabilizing potentiated spines 
(Mendez et al., 2010). However, cadherin-2 forms stable protease resistant dimers after 
neuronal activation (Tanaka et al., 2000) and our new results indicate that cadherin-2 
mediates adhesion in low calcium concentrations. Thus, the stable nature of cadherin-2-
mediated adhesion is not ideal for promoting initial synapse rearrangements. In fact, loss 
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of cadherin-2 does not alter the initial rise of synaptic strength following LTP stimulation 
but it is required for the sustained persistance of LTP after spines enlarge (Bozdagi et al., 
2010; Tang et al., 1998). In contrast, cadherins-6, 9, and 10 are required for the enhanced 
potentiation observed in CA1 SO layer starting from the initiation of LTP. One model to 
explain our results is that SO synaptic clefts undergo enhanced calcium depletion 
following LTP stimulus. This may selectively weaken cadherin-9/6/10 heterophilic 
interactions, thereby allowing restructuring of these synapses. It is possible that, in the 
absence of cadherins-6, 9 and 10, other more adhesive cadherins such as cadherin-2 or 
cadherin-11 are recruited to or dominate adhesion at the synapse. This could reduce the 
flexibility for synaptic growth and restructuring in cadherin-9 and Cdh6-/-;Cdh10-/- double 
knockout mice and thereby lead to impaired LTP in CA1 SO synapses.   
     Work from others lends additional support to our model that synapse dynamics 
depend on the presence of multiple cadherins with different degrees of trans-cellular 
binding affinities. For example, cadherin-8 but not cadherin-2 levels are reduced 
following LTP induction in medial perforant path-DG synapses (Huntley et al., 2010). 
Further, cadherin-11 has increased trans-cellular binding in low pH and Ca2+ 
concentrations (Heupel et al., 2008). This is exactly opposite to what we observe for 
cadherins-6, 9, and 10 but accordingly, deletion of cadherin-11 causes increased CA1 SR 
LTP (Manabe et al., 2000), suggesting the high stability of cadherin-11 in low calcium 






The role of cadherin diversity in the brain 
     Understanding the true function of the classic cadherins in the brain has been 
challenging. First, most of the 20 classic cadherins are expressed in the brain. Thus, many 
likely have overlapping functions that mask defects in single gene gain and loss of 
function experiments. Second, most classic cadherins are persistently expressed through 
brain development and maturity. Thus, they likely take on new functions as the animal 
develops. Consistent with this, cadherins function in diverse processes, including neural 
tube formation (Hirano and Takeichi, 2012), axon targeting (Duan et al., 2014; Kuwako 
et al., 2014; Osterhout et al., 2011; Poskanzer et al., 2003), synapse formation (Togashi et 
al., 2002; Williams et al., 2011), synapse pruning (Bian et al., 2015), and synaptic 
function (Bozdagi et al., 2010; Fièvre et al., 2016; Jungling et al., 2006; Mendez et al., 
2010; Tang et al., 1998; Vitureira et al., 2011). Third, there is an overwhelming focus on 
the study and function of the broadly expressed cadherin-2. This has led many to assume 
that all cadherins function in the same manner with little attention on the differences 
between cadherin family members.  
     In this study, we have begun to address the roles of cadherin diversity in synapse 
function. By carefully analyzing input-specific excitatory synapses across the entire CA1 
dendritic tree, we show that differential binding affinities may allow distinct sets of 
cadherins to confer specialized properties in specific synapses.  Overall, our results reveal 
a novel role for non-canonical, heterophilic cadherin interactions between cadherins-6, 9 
and 10 in layer-specific synaptic potentiation of CA3-CA1 synapses. Our study suggests 
different cadherins have complex regulatory roles on synaptic potentiation and the 





     A mammalian codon optimized cadherin-9 cDNA was synthesized (Genscript) and all 
other cadherin cDNAs were obtained from Open Biosystems (GE Healthcare) (Williams 
et al., 2011). All cadherins were subsequently cloned into the mammalian expression 
vector pCAG or an in vitro transcription compatible vector using standard procedures. 
Spaghetti monster fluorescent proteins (smFPs) (Viswanathan et al., 2015), GFP, and 
mCherry tags were inserted at the C-terminus of all cadherin constructs.  
 
In situ hybridization 
     Antisense mRNA probes labeled with DIG-UTP (Roche) were in vitro transcribed 
from full length cadherin cDNAs. The probes were hybridized to 20µm thick coronal 
cryosections of mouse brain tissue, immunolabeled with alkaline phosphatase conjugated 
anti-DIG antibody (Roche), and detected using NBT/BCIP stock solution (Roche). 
 
Synaptosome preparation 
     Synaptosomes were purified as described previously (Jones and Matus, 1974). Briefly, 
hippocampi were dissected from mice aged P7, P14, or P21. Tissue was homogenized 
with a Dounce homogenizer (20% w/v) in ice-cold 0.32 M sucrose + 20 mM HEPES, pH 
7.4 supplemented with protease inhibitors. Homogenates were cleared by spinning at 
1000 x g for 10 minutes at 4˚C. The supernatant was spun at 17000 x g for 15 minutes. 
The pellet containing crude synaptosomes were resuspended in 0.32 M sucrose + 20 mM 
HEPES and layered at the top of a sucrose gradient (made of 4 mls of 1.2 M, 4 mls of 1 
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M, and 3 mls of 0.8 M sucrose in 20 mM HEPES) and centrifuged at 41000 x g for 2 
hours. Purified synaptosomes were collected at the interface between 1.2 M and 1 M 
sucrose. 5µg of protein per lane was loaded for immunoblotting.   
 
Mouse lines 
     The cadherin-9 knockout mouse line was described previously (Duan et al., 2014). To 
generate a cadherin-10 knockout mouse line, CreER was inserted into the first coding 
exon of the cdh10 gene by homologous recombination in mouse embryonic stem (ES) 
cells (strategy described in (Krishnaswamy et al., 2015)). The cdh10-targeting vector was 
obtained via lambda phage-mediated recombination. Multiple chimeric mice with the 
targeted embryonic stem cells were generated and two lines with germ line transmissions 
were mated to produce stable knockout lines. The Cadherin-6 knockout mouse line was 
obtained using the same strategy and was described previously (Kay et al., 2011). To 
obtain Cdh6-/-;Cdh10-/- double knockout mice, first cdh6-cdh10 trans-heterozygotes were 
made by breeding the single knockouts. Subsequently, the trans-heterozygotes were 
mated to obtain cis cdh6-cdh10 trans-heterozygotes. These cis-heterozygotes were mated 
to obtain homozygous Cdh6-/-;Cdh10-/- double knockout mice. All animals and 
experiments were maintained and conducted in accordance with the NIH guidelines on 
the care and use of animals and approved by the University of Utah and Harvard 






Transmission electron microscopy 
     Mice aged P21-P23 were transcardially perfused with cold phosphate buffered saline 
pH 7.4 (PBS) for 1 minute followed by cold fixative (1% paraformaldehyde (PFA) and 
2.5 % glutaraldehyde in 0.1 M sodium cachodylate buffer pH 7.2) for 7 minutes. Brains 
were removed, soaked in fixative for two days, and sectioned into 150 µm thick coronal 
sections. The CA1 region was cut out, washed with 0.1 M sodium cachodylate buffer, 
fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 hour, and stained 
with 1% uranyl acetate for 1 hour. The tissue was subsequently dehydrated in increasing 
concentrations of ethanol, embedded in epon resin, and cured at 60°C for 48 hours. Next, 
40nm sections were cut using a Leica UC6 ultramicrotome and stained using lead citrate. 
Images were acquired using a JEM-1400Plus TEM (JEOL) at 10000X magnification.  
 
Microiontophoresis and spine analysis 
     Lucifer yellow microiontophoresis was performed as described previously (Dumitriu 
et al., 2011). Neurons were filled until the tips of distal dendrites appeared bright. Slices 
were post-fixed in the fixative for 15 minutes and dendrites were imaged using a Zeiss 
LSM 710 confocal microscope. Images were deconvolved using AutoQuant X3 
(Bitplane) and spines were modeled using Imaris software (Bitplane). Spine paramaters 
like head width (H), mean neck width (N), and length (L) were calculated and used for 
further classification. Spines were classified into thin (H > 1.2*N and 0.15 µm < H < 0.3 
µm), mushroom (H > 1.2*N and H > 0.3 µm), stubby (H < 1.2*N and L < 0.5), and 
filopodia (H < 0.15 µm and N < 0.15 µm). The rare spine not satisfying any of these 
conditions was deemed unclassified. The spine head width cutoff of 0.3 µm resulted in a 
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mushroom to thin spine ratio of 0.3, which is close to the value defined previously 
(Harris et al., 1992).     
 
Cell aggregation assay 
     Cells transfected with cadherins fused to GFP or mCherry were washed with HEPES- 
based calcium and magnesium-free buffer (HCMF, 137 mM NaCl, 5.4 mM KCl, 1 mM 
CaCl2, 0.34 mM Na2HPO4, 10 mM HEPES, 5.55 mM Glucose) and dissociated with 
0.01% Trypsin in HCMF + 1 mM CaCl2. Cells were subsequently spun down and 
resuspended in HCMF. 50,000 cells expressing a GFP tagged cadherin were mixed with 
50,000 cells expressing a mCherry tagged cadherin. The cell mixture was supplemented 
to obtain final concentrations of 4 mM CaCl2, 20 µg/ml DNAse I, and 1 mM MgCl2. To 
test for calcium dependence of aggregation (Figure 7B), cell mixtures were supplemented 
with 2mM EDTA or 0, 0.5, 1, 2, and 5 mM CaCl2 (final concentration). Aggregation was 
performed for 90 minutes in a nutating shaker at 37°C. Post-aggregation cells were fixed 
with 4% PFA in PBS. Cells were transferred to 96 well glass bottom dishes and imaged 
using a Zeiss LSM 710 confocal microscope. To calculate the aggregation index (AI), the 
entire well was imaged and cellular clusters bigger than 900µm2 were defined as 
aggregates. For every aggregate, the net GFP (g) and mCherry (m) fluorescence signal 
was quantified. These values were normalized to the total GFP (G) and mCherry (M) 
signal in the well to obtain Gn and Mn, respectively (i.e., Gn=g/G, Mn=m/M). Next, a 
heterophilic score (S) for an aggregate was calculated using the formula S = 
(Gn+Mn)*sine(π*Gn/(Gn+Mn)). This function quantified the ‘heterophilicity’ of an 
aggregate. Subsequently, the AI for the entire well was calculated as AI = ∑Si /(G+M), 
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where Si is the heterophilic score of the ith aggregate. Image analysis was done using 
ImageJ.  
 
Cell culture  
     Cell culture was carried out as described previously (Martin et al., 2015). For neuron 
cultures, P2 rat cortical glia were cultured on PDL/collagen-coated coverslips to form a 
monolayer. One week later, P0 mouse hippocampi were dissected in cold HEPES-
buffered saline solution, incubated in papain for 30 minutes, dissociated, and plated to 
glial monolayers at 105 cells/ml. Glia media: DMEM, 10% FBS, 75 mM glucose, and 
penicillin/streptomycin. Neuron plating media: MEM, 10% horse serum, 50 mM glucose, 
0.250 mM sodium pyruvate, 2 mM Glutamax, 100 U/ml Penicillin, 100 g/ml 
Streptomycin. Neuron feeding media: Neurobasal A, B27, 30 mM glucose, 0.5 mM 
Glutamax, 20 U/ml Penicillin, 20 g/ml Streptomycin. Neurons were transfected by 
electroporation using a ECM830 model (BTX, Harvard Apparatus). For CHO cell 




     The following primary antibodies were used in this study: mouse anti-FLAG M2 
1:3000 (Sigma), rabbit anti-Myc 1:1000 (Sigma), rat anti-HA 1:1000 (Roche), goat anti-
GFP 1:3000 (Abcam), chicken anti-MAP2 1:5000 (Abcam), rabbit anti-GABA 1:1500 
(Sigma), rabbit anti-synaptoporin 1:1000 (Synaptic Systems), mouse anti-PSD95 1:1000 
(Neuromab), mouse anti-GFAP 1:1000 (EMD Millipore), rabbit anti-GluR1 1:1000 
 48 
	  
(Chemicon), guinea pig anti-vGLUT1 1:2000 (Millipore), mouse anti-GAPDH 1:3000 
(Millipore), rabbit anti-Myelin basic protein 1:1000 (Abcam), rabbit anti-cadherin-9 
1:500 (gift from Dr. Gerd Klein, University of Tuebingen), mouse anti-cadherin-2 1:1000 
(BD Biosciences), rabbit anti pan cadherin antibody 1:200 (Sigma), and mouse anti- 
cadherin-8 1:50 (Developmental studies hybridoma bank). The rabbit anti-cadherin-10 
was used at 1:500 and was generated for this study. A peptide corresponding to part of 
the intracellular domain of cadherin-10 (QNTIHLRVLESSPV) was synthesized 
(Selleckchem.com) and used for inoculation (Cocalico Biologicals). All secondary 
antibodies were purchased from Jackson ImmunoResearch.  
 
Immunoblotting 
     Protein concentrations from synaptosomal preparation were quantified with a BCA 
assay (Thermo Scientific). 5 µg of synaptosomal or cleared lysate proteins was loaded 
per lane for Western blot analysis. Proteins were run on Bis-Tris gradient acrylamide gels 
and transferred to nitrocellulose membranes . Membranes were incubated in blocking 
solution (50 mM Tris pH7.5, 300 mM NaCl, 3% w/v dry milk powder, and 0.05% tween-
20) for 10 minutes, primary antibody overnight at 4˚C, washed, incubated in HRP-
conjugated secondary antibodies for 1 hour at room temperature, and detected using the 
BioRad Clarity ECL kit on a BioRad ChemiDoc XRS+ imaging system. Hippocampal 
lysates were prepared by homogenizing 100 mg of hippocampal tissue in 1 ml of 






     Cultured cells were fixed in 4% PFA for 10 minutes, washed with PBS, and incubated 
in blocking solution (PBS with 3% bovine albumin and 0.1% Triton-X100) for 30 
minutes. Cells were incubated in primary antibodies (diluted in blocking solution) for 1-2 
hours. After 3 washes, secondary antibody was added for 45 minutes, washed, and cells 
were mounted for imaging using Fluoromount-G (Southern Biotech). For tissue sections, 
mice were transcardially perfused with 4% PFA in PBS. Brains were post-fixed in PFA 
overnight and 100 µm vibratome sections were cut. Sections were incubated in blocking 
solution (PBS, 3% BSA, 0.3% triton-x 100) for 2 hours and incubated in primary 
antibody at 4°C overnight. Secondary antibody incubation was performed at room 
temperature for 1 hour. Sections were mounted in Fluoromount-G for imaging.  
 
Live-imaging and FRAP 
     CHO cells transfected with individual GFP or mCherry tagged cadherins were 
trypsinized, mixed, and plated on coverslips 48 hours before imaging. 15 minutes prior to 
imaging, cells were equilibrated with live imaging buffer containing 137 mM NaCl, 5 
mM KCl, 1mM MgCl2, 20 mM glucose, 10mM HEPES pH 7.4, and supplemented with 2 
mM or 0.5 mM CaCl2. A single z-plane covering the maximum dimension of cadherin- 
mediated cellular junctions was used for imaging. Cells were imaged in a 37°C incubator 
chamber with live imaging buffer continuously perfused. Images were acquired every 15 
seconds for 75 seconds followed by single photobleaching pulse (comprising laser power 
of 100% and 12.61 µs pixel dwell) followed again by imaging every 15 seconds for 1500 
seconds. Imaging was carried out in a Zeiss LSM 710 confocal microscope. For 
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analyzing the recovery kinetics of cadherins in transcellular junctions, post-bleach 
fluorescence of the bleached region was measured as a function of time and the data were 
fit to the exponential recovery curve I(t)=I∞-( I∞-I0)e-t/τ. Here, I(t), I∞, and I0 denotes the 
instantaneous fluorescence, saturation fluorescence, and immediate post-bleach 
fluorescence, respectively. τ represents the recovery time constants reported in Figures 
3.13F and G and Figure 3.14C.   
 
Data analysis and statistics 
     Whenever possible, data were collected and analyzed blind to the genotype of the 
animals. Sample sizes were chosen based on previous studies or power analysis. All 
statistical analyses were done using Prism (GraphPad).  
 
Whole cell recordings 
     17–21- day-old mice were rapidly decapitated and their brains carefully removed and 
kept in iced, artificial cerebrospinal fluid (aCSF) with sucrose (200 mM Sucrose, 3 mM 
KCl, 1.4 mM Na2PO4, 3mM MgSO4, 26 mM NaHCO3, 10 mM Glucose, and 0.5 mM 
CaCl2). 300 µm thick transverse slices were cut on a Leica vibratome (Leica VT1200) 
and left at room temperature in the holding chamber until recording. Cells were 
visualized by oblique illumination using a bright light source (Olympus BX51WI 
microscope, Hitachi color CCD camera KP-D20BU). Slices kept in the patching chamber 
were continuously superfused with aCSF containing 126 mM NaCl, 26 mM NaHCO3, 3 
mM KCl, 1.4 mM NaH2PO4, 2 mM CaCl2, 1.5 mM MgSO4, and 10 mM D-glucose, 
bubbled with 95% O2–5% CO2. The intracellular pipette solution contained 80 mM 
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Cesium methylsulfonate, 60 mM CsCl, 10 mM HEPES, 1mM EGTA (adjusted with 
CsOH), 0.5 mM CaCl2, 10 mM Glucose, and 5 mM QX-314, adjusted to 290–300 
mOsm/Lt at pH 7.3. Tetrodotoxin (Ttx) (Tocris Biosciences) was used at working 
concentration of 0.5 µM, diluted from a 1 mM stock. Somatic whole cell recordings were 
performed with Axon Multiclamp 700B amplifies (Molecular Devices) in voltage clamp 
mode at 34 ± 1°C bath temperature for mEPSC experiments. Data acquisition was 
performed via an Axon Digidata 1550 (Molecular Devices), connected to a Windows 7 
computer, running pClamp (Version 10, Molecular Devices). Current signals were 
sampled at 1 kHz and filtered with a 2 kHz Bessel filter. Patch pipettes with a tip 
resistance of 6 - 8 MΩ were pulled with a Flaming/Brown micropipette puller P-97 
(Sutter Instruments and Co.) using borosilicate glass capillaries with filaments (1B150F-
4, World Precision Instruments). All cells patched were held in voltage clamp at -70mV. 
Acquired traces were analyzed with pClamp (Version 10, Molecular Devices). mEPSC 
event detection was performed with a template match search.  
 
Field recordings 
     Adult (3-5 months old) mice were anesthetized with sodium pentobarbital (60 mg/kg, 
i.p.), and brains rapidly removed and placed in ice-cold (4°C) oxygenated sucrose-based 
artificial cerebral spinal fluid (aCSF) solution (bubbled with 95% O2/5% CO2) containing 
200 mM Sucrose, 3 mM KCl, 1.4 mM Na2HPO4, 3 mM MgSO4, 26 mM NaHCO3, 10 
mM glucose, and 0.5 mM CaCl2. Subsequently, the brain was sectioned horizontally into 
350 µm thick sections using a vibratome. Slices were then incubated (for 2 hours) in a 
chamber containing oxygenated aCSF containing 126 mM NaCl, 3 mM KCl, 1.4 mM 
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Na2HPO4, 1 mM MgSO4, 26 mM NaHCO3, 10 mM glucose, and 2.5 mM CaCl2. The pH 
(7.30–7.40) and osmolarity (290–300) mOsm of the ACSF were verified prior to each 
experiment. Extracellular field excitatory postsynaptic potentials (fEPSPs) were recorded 
using a Slicemaster high-throughput brain slice recording system (Scientifica). Slices 
were continuously perfused with oxygenated aCSF (2.5 ml/minute). Recordings were 
performed at 30–31°C. Concentric bipolar stimulating electrodes (MCE-100; Rhodes 
Medical Instrument) were placed in either the stratum oriens or stratum radiatum of the 
CA2-CA1 junction region. Recording microelectrodes (2-3 MΩ resistance) were filled 
with aCSF and placed within 250–500 µm of the stimulating electrodes. Data were 
acquired using pClamp 10 interfaced to a Digidata 1440A data acquisition board at a 
sampling rate of 10 kHz, low-pass filtered at 1 kHz, and high-pass filtered at 3 Hz. 100 
µs stimuli ranging from 1 to 40 V were used to evoke fEPSPs. Input-output curves were 
generated and the stimulation strength was set so that the fEPSP amplitude was half that 
of the smallest fEPSP accompanied by a population spike. Slices were then stimulated 
every 30 sec for a 30-minute baseline period. LTP was induced using theta burst 
stimulation (TBS, five trains of four pulses at 100 Hz separated by 200 msec and repeated 
once with a 20 sec interval). Low frequency stimulation was resumed for 60 minutes post 
TBS at which point LTP was quantified relative to baseline. fEPSP slope was calculated 







Figure 3.1: CA1 excitatory synapses have layer-specific properties.  
(A) Schematic of excitatory inputs to CA1 neurons. (B) Representative ultrastructural 
images of asymmetric synapses in each CA1 layer. (C) Quantification of ultrastructural 
analysis. Average SV density per bouton area, docked SV density per active zone length, 
proximal SV density per active zone length, bouton area, PSD width, and synaptic cleft 
width. All values are normalized to mean SR values. Sample sizes: 181 (SR), 149 (SO), 
and 134 (SLM) synapses evenly sampled from 3 mice aged P23. (D) Representative 
confocal images of Lucifer Yellow filled CA1 dendrites (top) and corresponding 3D 
models (bottom). (E and F) Average spine density (E) and spine length (F) of indicated 
spine classes. All values are normalized to mean SR values. Sample sizes: 61 (SO), 62 
(SR), and 51 (SLM) dendrites from 6 wildtype mice aged P21-P23. Statistical differences 
between SO, SR, and SLM for EM and spine analyses were calculated using one-way 
ANOVA followed by pairwise p-value calculation using Holm-Šidák multiple 
comparison test. (G and H) Representative LTP traces from CA1 SO (G) and CA1 SR 
(H) layer. (I) Mean LTP time course induced in CA1 SO (brown) and SR (green) layers. 
Arrow indicates TBS. (J) Mean LTP amplitudes defined as average percentage of fEPSP 
slope during 58.5-60 minutes after TBS in SO and SR layers. Sample sizes: 24 (SO) and 
23 (SR) slices from 10 wildtype mice aged 3-5 months. p-values for LTP quantification 
were calculated using t-test. p<0.05, p<0.01, p<0.001, and p<0.0001 is denoted by *, **, 










Figure 3.2: CA1 excitatory synapses have differences in spine properties.  
 
(A) Schematic of EM analysis parameters. (B-E) CA1 spine density and length analyses 
for each layer as indicated. These graphs show absolute values for the same data that are 
normalized to SR in main figures 1E and 1F. Sample sizes: 61 (SO), 62 (SR), and 51 
(SLM) dendrites from 6 wildtype animals aged P21-P23. Significant differences between 
SO, SR, and SLM parameters were calculated using one-way ANOVA followed by pair 
wise p-value calculation using Holm-Šidák multiple comparison test. p<0.05, p<0.01, 
p<0.001, and p<0.0001 is denoted by *, **, ***, and **** respectively, otherwise 





















Figure 3.3: Cadherin-9 selectively regulates mushroom spines in the CA1 SO layer.  
(A) In situ hybridization shows cadherin-9 mRNA is expressed in DG and CA3 neurons 
with little to no expression in CA1 neurons. (B) Immunostaining of a P14 CA3 axon in 
utero electroporated with cdh9-smFPFLAG and smFPMYC at embryonic age 14.5 days. 
smFPMYC was used to fill the axon. (C,E,G) Representative images of SO (C), SR (E), 
and SLM (G) dendrites analyzed in Cdh9+/+ and Cdh9-/- mice (top) and corresponding 3D 
model (bottom). (D,F,H) Quantification of average spine density and indicated spine 
classes. All data are normalized to wildtype. Absolute values are shown in Figure 3.4. 
Sample sizes: SO= 28 Cdh9+/+ and 25 Cdh9-/- dendrites, SR= 33 Cdh9+/+ and 31 Cdh9-/- 
dendrites, SLM= 15 Cdh9+/+ and 18 Cdh9-/- dendrites. All conditions evenly sampled 
from 3 mice aged P21-P23 and all analyses were done blind to genotype. p-values 





























Figure 3.4: Absence of cadherin-9 reduces mushroom spine density specifically in 
CA1 SO layer.  
 
(A) Western blot of cadherin-9 from hippocampal lysates from Cdh9+/+, Cdh9+/-, and 
Cdh9-/- mice. GAPDH is shown as a loading control. (B-D) Quantification of average 
spine density of overall spines and individual spine classes in CA1 SO (B), SR (C), and 
SLM (D) layers from Cdh9+/+ and Cdh9-/- animals. These graphs show absolute values for 
the same data that are normalized to Cdh9+/+ in main figures 2D, 2F, and 2H. Sample 
sizes: SO= 28 Cdh9+/+ and 25 Cdh9-/- dendrites, SR= 33 Cdh9+/+ and 31 Cdh9-/- dendrites, 
and SLM= 15 Cdh9+/+ and 18 Cdh9-/- dendrites. All conditions were evenly sampled from 
3 mice aged P21-P23 and all analyses were blind to genotype. p-values calculated using 







Figure 3.5: Cadherin-9 regulates synaptic potentiation in CA1 SO.  
 
(A) Representative traces of LTP induced in CA1 SO of Cdh9+/+ and Cdh9-/- hippocampal 
slices. (B-C) mean LTP time course (B) and amplitudes (C) recorded in CA1 SO layer of 
Cdh9+/+ and Cdh9-/- hippocampal slices. (D-F) Same as Figures 3.5A-C except data from 
SR layer are shown. Sample sizes: SO= 12 Cdh9+/+ and 12 Cdh9-/- slices, and SR= 10 
Cdh9+/+ and 10 Cdh9-/- slices. Data collected from 4 animals per genotype aged 3-5 
months. p-values calculated using students t-test. p<0.05 is represented by *, otherwise 









Figure 3.6: Basal synaptic transmission is normal in Cdh9-/- mice.  
 
(A) Side-by-side comparison of mean LTP amplitudes recorded from CA1 SO and SR 
layers from Cdh9+/+ and Cdh9-/- hippocampal slices as shown in Figure 3.5. Dotted line 
represents the mean SR LTP amplitude from Cdh9+/+ hippocampal slices. (B,C) Input-
output (I/O) curves representing fEPSP slope versus the corresponding fiber volley 
amplitude for SO (B) and SR (C) in Cdh9+/+ and Cdh9-/- hippocampal slices. Sample 
sizes: SO= 12 Cdh9+/+ and 12 Cdh9-/- slices, and SR= 10 Cdh9+/+ and 10 Cdh9-/- slices. 
Data collected from 4 animals per genotype aged 3-5 months. p-values calculated using 
Holm-Šidák multiple comparison test.  p<0.05 is represented by *, otherwise p>0.05. All 
data shown as mean ± s.e.m. (D) Representative traces of mini EPSCs (mEPSCs) from 
Cdh9+/+ and Cdh9-/- CA1 neurons. (E,F) Average mEPSC frequency (E) and amplitude 
(F) in Cdh9+/+ and Cdh9-/- CA1 neurons. For each genotype n=15 cells from 3 animals 











Figure 3.7: Cadherin-9 mediates trans-cellular adhesion via cadherins-6 and 10.  
 
(A) In situ hybridizations of hippocampal cadherins. (B) Immunostaining against YFP 
(green) and CA2 marker RGS14 (red) in hippocampus from Cdh10-CreER+/-;Ai3+/- mice 
injected with tamoxifen. Hoechst (blue) labels all cell nuclei. (C) Representative images 
of CHO cell aggregation assays in presence of 4 mM calcium (top) and with the addition 
of 2 mM EDTA (bottom). The left panel shows no cell aggregation when control GFP 
cells (green) are mixed with mCherry cells (magenta). The middle panel shows mixed 
red/green aggregates when cadherin-9 cells (green) are mixed with cadherin-10 cells 
(magenta) indicating heterophilic trans-cellular interactions. The right panel shows 
separate red and green aggregates when cadherin-6 cells (green) are mixed with cadherin-
2 cells (magenta) indicating only homophilic trans-cellular interactions. All interactions 
are abolished in the presence of EDTA. (D) Summary of all interactions tested. A check 
mark indicates binding and an X indicates no binding. For space, cadherin is abbreviated 
“C” (a convention also used in Figure 3.7E). (E) Quantification of aggregation index (see 
Supplemental Experimental Procedures) of pair-wise combinations of hippocampal 
cadherins. (F) CHO cells expressing cdh9-smFPFLAG (green) were mixed with cells co-
expressing cdh6-smFPHA (red) and cdh10-smFPMYC (blue). Note that cadherins-6, 9, and 
10 co-cluster at the interaction interfaces (white arrows in the merged image). (G) 
Immunoblots show cadherins- 9 and 10 are enriched in hippocampal synaptosomes over 
time from P7, P14, and P21 mice. Samples were also probed for cadherins-2 and 8, a 
presynaptic marker synaptoporin (SPO), the postsynaptic markers PSD95 and GluA1, 
and a non-neuronal marker GFAP. (H) Quantification of synaptic enrichment of each 
indicated cadherin relative to their levels in lysate at each time point. (I) Quantification of 
cadherin levels in synaptosomes over time. Each protein is normalized to its level in 
synaptosomes at P7. For H and I, 3 independent experiments were done for each age with 









Figure 3.8: Cadherin-9 co-clusters in trans with cadherins-6 and 10 but not other 
cadherins in neurons.  
 
(A) Immunostaining of CA1 region from Cdh10-CreER+/-;Ai3+/- mice (as in Figure 3.7B) 
with anti-YFP (green) and anti-GABA (blue) antibodies indicates cadherin-10 is 
expressed by CA1 pyramidal neurons and not GABAergic neurons. The boxed region is 
magnified on right to show cadherin-10 expressing neurons have spines. (B) Immunoblot 
showing the absence of cadherin expression in CHO cells. GAPDH served as the loading 
control. (C) Cultured neurons expressing cdh9-smFPFLAG (green) were plated with 
neurons co-expressing cdh6-smFPHA (red) and cdh10-smFPMYC (blue). Shown is a cdh9-
smFPFLAG expressing axon contacting cdh6-smFPHA and cdh10-smFPMYC expressing 
dendrites labeled by MAP2 (magenta). All three cadherins co-localize (white pixels in 
bottom right panel) at axon-dendrite contact points as indicated by arrows. (D) Similar to 
Figure S4C but neurons expressing cdh9-smFPFLAG were plated with neurons co-
expressing cdh2-smFPHA and cdh11-smFPMYC. Note that although the cdh9-smFPFLAG 
expressing axon contacts the cdh2-smFPHA and cdh11-smFPMYC expressing dendrite, 






Figure 3.9: Cadherin-10 regulates mushroom spine formation in CA1 SO.  
 
(A,C,E) Representative images of SO (A), SR (C), and SLM (E) dendrites analyzed in 
Cdh10+/+ and Cdh10-/- mice (top), and their 3D models (bottom). (B,D,F) Quantification 
of average spine density of indicated spine classes. All measurements are normalized to 
mean Cdh10+/+ values. Sample sizes: SO= 32 Cdh10+/+ and 31 Cdh10-/- dendrites, SR= 27 
Cdh10+/+ and 30 Cdh10-/- dendrites, SLM= 35 Cdh10+/+ and 18 Cdh10-/- dendrites. All 
conditions were evenly sampled from 3 mice aged P21-P23 and all analyses was done 
blind to genotype. p-values were calculated using students t-test. p<0.05 is represented by 








Figure 3.10: Absence of cadherin-10 reduces mushroom spine density specifically in 
CA1 SO layer. 
 
 (A) Immunoblots of hippocampal lysates (Lys) and synaptosomes (Syn) from P21 
Cdh10+/+ and Cdh10-/- animals. Proteins are as indicated including cadherins, the 
presynaptic markers vesicular glutamate transporter-1 (vGlut) and synaptoporin (SPO), 
the postsynaptic marker PSD95, the non-neuronal marker GFAP, and a loading control 
GAPDH. (B-D) Quantification of raw average spine density of overall spines and 
individual spine classes in CA1 SO (B), SR (C), and SLM (D) layers from Cdh10+/+ and 
Cdh10-/- animals. These graphs show absolute values for the same data that are 
normalized to Cdh10+/+ in main Figures 3.9B, 3.9D, and 3.9F. Sample sizes: SO= 32 
Cdh10+/+ and 31 Cdh10-/- dendrites, SR= 27 Cdh10+/+ and 30 Cdh10-/- dendrites, SLM= 
35 Cdh10+/+ and 18 Cdh10-/- dendrites. All conditions were evenly sampled from 3 
independent mice aged P21-P23 and all analyses were blind to genotype. p-values 
calculated using students t-test. p<0.05 is represented by *, otherwise p>0.05. All data 






Figure 3.11: Cadherins-6 and 10 regulate LTP in CA1 SO.  
 
(A) Representative traces of LTP induced in CA1 SR of Cdh10+/+ (left) and Cdh10-/- 
(right) hippocampal slices. (B-C) mean LTP time course (B) and mean LTP amplitudes 
(C) recorded in CA1 SR layer of Cdh10+/+ and Cdh10-/- hippocampal slices. Sample 
sizes: data collected from 11 Cdh10+/+ and 13 Cdh10-/- slices from 6 animals per 
genotype aged 3-5 months. p-values were calculated using students t-test. (D-F) Same as 
in (A-C) except recordings performed in CA1 SO layer. Sample sizes: data collected 
from 12 Cdh10+/+ and 11 Cdh10-/- slices from 6 animals per genotype aged 3-5 months. 
(G) Representative traces of LTP induced in CA1 SO of Cdh6+/+;Cdh10+/+ and Cdh6-/-
;Cdh10-/- hippocampal slices. (H-I) mean LTP time course (H) and mean LTP amplitudes 
(I) recorded in CA1 SO layer of Cdh6+/+;Cdh10+/+ (wildtype) and Cdh6-/-;Cdh10-/- mice. 
Sample sizes: data collected from 12 Cdh6+/+;Cdh10+/+ and 14 Cdh6-/-;Cdh10-/- slices 
from 4 animals per genotype aged 3-5 months. p-values were calculated using students t-












Figure 3.12: Absence of cadherins-6 and 10 does not impair basal transmission in 
CA1 SO.  
 
(A) Immunoblot showing absence of cadherin-10 expression in hippocampal lysates of 
Cdh6-/-;Cdh10-/- mice. (B) Reverse transcription PCR analysis of cDNA obtained from 
Cdh6+/+;Cdh10+/+ and Cdh6-/-;Cdh10-/- hippocampi showing significant reduction of 
cadherin-6 transcript levels in double knockout mice. (C) Representative traces of mini 
EPSCs (mEPSCs) from Cdh10+/+ and Cdh10-/- CA1 neurons. (D-E) Average mEPSC 
frequency (D) and amplitude (E) in Cdh10+/+ and Cdh10-/- CA1 neurons. Sample sizes: 
12 cells from 3 Cdh10+/+ mice and 14 cells from 3 Cdh10-/- mice. All animals aged P17-
21. (F-G) Input-output (I/O) curves representing fEPSP slope versus the corresponding 
fiber volley amplitude in SO layer of Cdh10+/+ and Cdh10-/- slices (F) and WT and Cdh6-
/-;Cdh10-/- slices (G). Sample sizes: 12 Cdh10+/+ and 11 Cdh10-/- slices from 6 animals 
per genotype aged 3-5 months. and 12 Cdh6+/+;Cdh10+/+ and 14 Cdh6-/-;Cdh10-/- slices 
from 4 animals per genotype aged 3-5 months. p-values calculated using Holm-Šidák 





Figure 3.13: Ca2+ dependence of cadherin-9 heterophilic interactions.  
 
(A) Immunoblots showing expression of cadherins- 9 and 10 in CA1 SO and SR layers. 
Myelin expression, specifically in the CA1 SO but not SR layer, confirms minimal tissue 
contamination across layers. PSD95 and GAPDH staining are used as loading controls. 
(B-C) Representative images (B) and quantification (C) of CHO cell aggregation assays 
with indicated cadherins (“C”) under varying Ca2+ concentrations. Sample size: 3 
independent experiments per cadherin pair for every Ca2+ concentration. (D) 
Representative images of FRAP experiments between CHO cells expressing indicated 
GFP and mCherry tagged cadherins in the presence of 2 mM extracellular Ca2+. Each row 
shows the contacting GFP and mCherry expressing cells (with both cells outlined in 
yellow) on the left, followed by time lapse images of the individual channels of the boxed 
region in right. Time point of 0 seconds indicates time immediately after photobleaching 
while negative and positive time points represent baseline and recovery fluorescence 
respectively. (E) Same as (D) but with 0.5 mM extracellular Ca2+. (F-G) Recovery time 
constants (see Supplemental Experimental Procedures) for cadherins at 2 mM (F) and 0.5 
mM (G) extracellular Ca2+. Sample size: For 2mM Ca2+: 8, 9, and 10 cell pairs were 
analyzed for cadherin-2/2, cadherin-9/6, and cadherin-9/10 junctions, respectively. For 
0.5 mM Ca2+: 8, 6, and 6 cell pairs were analyzed for cadherin-2/2, cadherin-9/6, and 
cadherin-9/10 junctions, respectively. Cells were evenly sampled from three independent 
experiments. Statistical differences were calculated using one-way ANOVA followed by 
pairwise p-value calculation using Holm-Šidák multiple comparison test. p<0.05, and 





















Figure 3.14: Cadherins-6 and 9 are not expressed in CA2.  
 
(A-B) Double in situ hybridization against cadherin-9 and cadherin-10 mRNA (A) and 
cadherin-9 and cadherin-6 mRNA (B). The boxed regions with area CA2 are magnified 
on right. Arrows indicate the boundary of cadherin-9 expression. Arrow heads indicate 
the boundaries of cadherin-10 (A) and cadherin-6 (B) expression. (C) Average recovery 
time constants of GFP and mCherry tagged cadherin-2 (top) at junctions formed by CHO 
cells expressing GFP and mCherry tagged cadherin-2 (bottom schematic). Sample sizes: 
16 cadherin-2 cell pairs. Cells from 2 mM and 0.5 mM extracellular Ca2+ (shown in 
Figures7F and G) were pooled together. No significant differences by student’s t-test. 
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THE ROLE OF CADHERINS-6, 9, AND 10 IN PRESYNAPTIC VESICLE 




















     In the previous chapter, I demonstrated how interactions between cadherins-6, 9, and 
10 mediate synaptic plasticity specifically in the CA1 SO layer. LTP in CA1 excitatory 
synapses occur predominantly through postsynaptic mechanisms (Herring and Nicoll, 
2016). However, synaptic adhesion proteins can function in both pre- and postsynaptic 
compartments even if they are expressed only on one side of the synapse. For example, 
Neurexins, predominantly expressed in the presynaptic terminals, are known to have both 
pre- and postsynaptic functions (Anderson et al., 2015; Aoto et al., 2013). In another 
example of bidirectional regulation of synaptic properties, postsynaptic cadherin-2 has 
been shown to regulate both pre- and postsynaptic properties  (Jungling et al., 2006; 
Mendez et al., 2010; Saglietti et al., 2007; Togashi et al., 2002; Vitureira et al., 2011). 
Hence, I subsequently tested if cadherins-6, 9, and 10 have any role on the structural 
organization of presynaptic terminals of excitatory synapses in CA1 SO and SR layers.  
 
Results 
     First, I analyzed asymmetric synapses in CA1 SO and SR synaptic layers of Cdh9+/+ 
and Cdh9-/- mice aged P21 using transmission electron microcopy (TEM). For every 
presynaptic bouton, I counted the number of total vesicles, vesicles docked on to the 
active zone (AZ) membrane, and vesicles within 30 nm of AZ termed proximal vesicles 
(Watanabe et al., 2013) (Schematic in Figure 3.2A). In contrast to our postsynaptic 
phenotypes, Cdh9-/- mice had significant reduction in overall and proximal vesicle 
density and also had a trend towards increased docked vesicle density in CA1 SR but not 
SO layer (Figure 4.1). I also confirmed that the difference in vesicle densities was not due 
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to difference in synaptic dimensions like bouton area or active zone length. 
Measurements from Cdh9+/+ and Cdh9-/- synapses revealed no significant differences in 
bouton area and active zone length among the two genotypes.  
     Subsequently, I analyzed CA1 SO and SR synapses in Cdh10+/+, Cdh10-/-, and 
Cdh6-/-;Cdh10-/- mice to test if absence of postsynaptic cadherins have similar phenotypes 
as Cdh9-/- mice. In the SO layer, I did not observe any major difference in the presynaptic 
architecture among the genotypes except Cdh10-/- mice had slight but significant increase 
in overall synaptic vesicle density compared to Cdh10+/+ or Cdh6-/-;Cdh10-/- mice (Figure 
4.2). However, in the SR layer, the phenotypes observed in Cdh6-/-;Cdh10-/- mice were 
opposite of that observed in Cdh9-/- mice. Cdh6-/-;Cdh10-/- mice have significantly 
reduced docked vesicles and increased proximal vesicles compared to Cdh10+/+ mice 
(Figure 4.2).  
 
Discussion 
     Absence of cadherin-9 results in increased docked vesicles and reduced proximal 
vesicles specifically in the CA1 SR layer. Hence, I predict that cadherin-9 acts as a 
restriction factor preventing proximal to docked vesicle transition. However, given the 
synaptic role of cadherin9 specifically in SO synapses (Chapter 3), results in Figure 4.1 
showing a presynaptic role of cadherin-9 specifically in CA1 SR synapses are surprising. 
Below I will provide two possible explanations for this discrepancy.  
     Cadherin-9 may have differential subsynaptic localization in the SO and SR synapses. 
Cadherins are typically believed to localize in a subsynaptic region called adherens 
junction, which is a major site of adhesion between the pre- and postsynaptic terminals 
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(Fannon and Colman, 1996; Uchida et al., 1996). The adherens junction is generally 
situated at a distance from the active zone. However, recent studies have shown that 
several cadherins, including cadherins-8, 9, and 10, can localize even in the active zone 
(Friedman et al., 2015; Loh et al., 2016). These studies, however, do not describe what 
fraction of cadherins are localized to the adherens junction versus the active zone. Hence, 
it is possible that there is substantial localization of cadherin-9 in the active zone of SR 
synapses. This may explain how it can affect the dynamics between proximal and docked 
vesicles in these synapses. In contrast, cadherin-9 may be localized more in the adherens 
junction of SO synapses, thereby exerting a bigger effect on spine stability in these 
synapses. Loss of both cadherins-6 and 10 resulted in reduced docked vesicles and 
increased proximal vesicles specifically in the CA1 SR layer, which is completely 
opposite to that observed for Cdh9-/- mice. This gives rise to the possibility that the 
heterophilic interaction of cadherin-9 with cadherins-6 and 10 probably impairs cadherin-
9 from performing its presynaptic role. Hence, in the Cdh6-/-;Cdh10-/- mice, cadherin-9 is 
unbound from its transsynaptic interactions, which results in its hyperactivity in the CA1 
SR presynapses, thereby resulting in reduced docked vesicles and increased proximal 
vesicles.   
     Another explanation for the layer-specific pre- and postsynaptic roles of cadherin-9 
may be that docked vesicles are difficult to identify using the chemical fixation method 
used here (see methods section). Recent studies have shown that the commonly used 
aldehyde-based brain fixation methods result in significantly less docked vesicles 
compared to the newer methods that better preserve the native ultrastructure of synapses 
(Korogod et al., 2015). Further, unambiguous identification of docked vesicles requires 
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well-preserved lipid bilayers both in the synaptic vesicles and the active zone. Such 
clarity can be best obtained using high-pressure freezing followed by freeze substitution 
methods of tissue fixation and staining (Korogod et al., 2015; Watanabe et al., 2013). In 
line with this argument, the total number of docked and proximal vesicles remain 
unchanged in both SO and SR layers in all the knockout mice when compared to their 
corresponding wildtype counterparts (Figure 4.3). Hence, it is likely that the differences 
observed in docked and proximal vesicles may be an artifact of stochastic variance 
resulting from chemical fixation and the inability to accurately classify “true” docked 
vesicles. This issue can be resolved by either analyzing synapses from more mice to gain 
statistical power or by performing analyses on tissues processed by high-pressure 
freezing.     
  
Methods 
     Mice aged P21-P23 were transcardially perfused with cold phosphate buffered saline 
pH 7.4 (PBS) for 1 minute followed by cold fixative (1% paraformaldehyde (PFA) and 
2.5 % glutaraldehyde in 0.1 M sodium cachodylate buffer pH 7.2) for 7 minutes. Brains 
were removed, soaked in fixative for two days, and sectioned into 150 µm thick coronal 
sections. The CA1 region was cut out, washed with 0.1 M sodium cachodylate buffer, 
fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 hour, and stained 
with 1% uranyl acetate for 1 hour. The tissue was subsequently dehydrated in increasing 
concentrations of ethanol, embedded in epon resin, and cured at 60°C for 48 hours. Next, 
40nm sections were cut using a Leica UC6 ultramicrotome and stained using lead citrate. 
Images were acquired using a JEM-1400Plus TEM (JEOL) at 10000X magnification. 
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Both SO and SR synapses were imaged at a distance of 100 µm from the cell body. 
Excitatory synapses were identified from the presence of a visible PSD. Image analyses 
were done using ImageJ. The various parameters analyzed are outlined in a schematic 























Figure 4.1: Cadherin-9 regulates synaptic vesicle distribution in SR synapses. 
 
Ultrastructural analysis of asymmetric synapses in each CA1 layer as indicated. (A,C) 
Representative electron microscopic images of Cdh9+/+ and Cdh9-/- asymmetric synapses. 
(B,D) Quantification of average SV density/0.1 µm2 synaptic bouton volume, average 
docked SVs/500 nm active zone (AZ), average tethered SVs/500 nm AZ, average bouton 
area (in µm2), and average AZ length (in nm). Inserts in panel (C) represent zoomed view 
of corresponding boxed regions. Tethered SVs are shown in yellow whereas docked SVs 
are shown in red. Visible gaps between tethered SV and AZ membrane are highlighted by 
green arrow heads. Sample sizes: SO = 190 WT synapses and 170 KO synapses. SR = 
317 WT synapses and 316 KO synapses. All conditions were evenly sampled from 3 
independent mice aged P21 and all analysis was done blind to genotype. p-values indicate 
unpaired t-test and p<0.05, p<0.01, and p<0.001 is denoted by *, **, and *** 






Figure 4.2: Cadherins-6 and 10 regulates synaptic vesicle distribution in SR 
synapses.  
 
Ultrastructural analysis of asymmetric synapses in each CA1 layer as indicated. (A,C) 
Representative electron microscopic images of Cdh10+/+,Cdh10-/-, and Cdh6-/-;Cdh10-/- 
asymmetric synapses. (B,D) Quantification of average SV density/0.1 µm2 synaptic 
bouton volume, average docked SVs/500 nm active zone (AZ), average tethered SVs/500 
nm AZ, average bouton area (in µm2), and average AZ length (in nm). Sample sizes: SO 
= 149 (Cdh10+/+), 177 (Cdh10-/-), and 147 (Cdh6-/-;Cdh10-/-) synapses. SR = 181 
(Cdh10+/+), 173 (Cdh10-/-), and 139 (Cdh6-/-;Cdh10-/-) synapses. All conditions were 
evenly sampled from 3 independent mice aged P21 and all analysis was done blind to 
genotype. Statistical differences were calculated using one-way ANOVA followed by 
pairwise p-value calculation using Holm-Šidák multiple comparison test. p<0.05, p<0.01, 
and p<0.001 is denoted by *, **, and *** respectively. All data represented as mean ± 









Figure 4.3: Sum of docked and proximal vesicles remain unchanged in the knockout 
animals. 
 
(A,B) Quantification of average sum of docked and proximal vesicles in the CA1 SR 
synapses of Cdh9+/+ and Cdh9-/- animals (A) and Cdh10+/+,Cdh10-/-, and Cdh6-/-;Cdh10-/- 
animals (B). (C,D) Quantification of average sum of docked and proximal vesicles in the 
CA1 SO synapses of Cdh9+/+ and Cdh9-/- animals (C) and Cdh10+/+,Cdh10-/-, and Cdh6-/-
;Cdh10-/- animals (D). Quantification done from the same images analyzed in figures 4.1 
and 4.2. Statistical analyses were performed using students t-test for Cdh9+/+ and Cdh9-/- 
animals. Statistical analyses for Cdh10+/+,Cdh10-/-, and Cdh6-/-;Cdh10-/- animals were 
calculated using one-way ANOVA followed by pairwise p-value calculation using Holm-
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     In Chapter 3, I described how deleting cadherin-9 or cadherins-6 and 10 reduces the 
enhanced synaptic potentiation and mushroom spine density in CA1 SO synapses. 
However, Western blot analysis from both CA1 SO and SR layers revealed equal 
expression of these cadherins in both CA1 layers (Figure 3.13A). These observations 
raise the question “how can heterophilic interactions between these three cadherins 
regulate LTP and mushroom spines specifically in the CA1 SO layer?”  
     In this chapter, I will first address whether cadherins-6, 9, and 10 function specifically 
at the SO layer or whether they function specifically at synapses with high LTP. Along 
these lines, I will present preliminary data that support the hypothesis that cadherins-6, 9, 
and 10 functions specifically at synapses with high LTP. Next, I will discuss possible 
mechanisms through which cadherins-6, 9, and 10 function specifically in high LTP 
synapses. More specifically, I will describe the sequence of events leading to LTP 
expression followed by the description of several models through which the CA1 SO 
layer can exhibit higher LTP than SR. I will further propose detailed anatomical and 
functional experiments to test each model, and discuss how the model may explain the 
specific role of cadherins-6, 9, and 10 in high LTP synapses.  
 
Do cadherins-6, 9, and 10 selectively function in high magnitude  
LTP synapses or do they selectively function in 
 LTP at SO but not SR synapses? 
     The role of cadherins-6, 9, and 10 specifically in CA1 SO LTP but not in SR LTP can 
result from two distinct possibilities. First, cadherins-6, 9, and 10 may specifically 
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localize to the CA1 SO layer or may function through a downstream signaling molecule 
that specifically localizes to SO synapses. Second, the role of heterophilic interactions 
among cadherins-6, 9, and 10 may not be layer specific but rather LTP level specific. In 
other words, cadherins-6, 9, and 10 may function specifically during high levels of LTP. 
This hypothesis would further imply that if the LTP levels of CA1 SR synapses were 
enhanced, these cadherins would be functional even in SR. 
     To test the first possibility, in Chapter 3, I performed layer-specific Western blots and 
demonstrated cadherins-6, 9 and 10 are expressed in equal amounts in CA1 SO and SR 
layers. In addition, using electron microscopic analysis of knockout synapses, I showed 
cadherins-6, 9 and 10 may also have a presynaptic role in synaptic vesicle organization in 
CA1 SR synapses (discussed in Chapter 4). These results suggest these cadherins may 
localize to both SO and SR synapses. Although less likely, it is still possible that these 
cadherins have different synaptic localization patterns within the SO and SR layers or 
functions through an unknown SO specific downstream molecule.   
     To test if cadherins-6, 9, and 10 function specifically at high LTP, I performed a 
preliminary experiment where I artificially increased the levels of SR LTP. I reasoned if 
postsynaptic depolarization is required for LTP (explained later), then its levels can be 
further enhanced by blocking feed forward inhibition. Hence, I carried out LTP studies in 
SR layer of wildtype, and Cdh9-/-, slices in the presence of 20 µM Picrotoxin, a GABAA 
receptor antagonist. Introduction of picrotoxin for 10 minutes before and during the theta 
burst stimulation (TBS) caused a significant increase in SR LTP in wildtype slices 
(Figure 5.1). Interestingly, Cdh9-/- slices did not exhibit any increase in SR LTP 
following picrotoxin treatment (Figure 5.1). This result suggests cadherin-9 also 
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functions in SR LTP if the magnitude of LTP is high. Hence, cadherin-9 regulates high 
levels of LTP, which is normally observed in the SO synapses. Future experiments on 
Cdh6-/-;Cdh10-/- slices will test if the heterophilic interaction between cadherins-6, 9, and 
10 specifically regulate high levels of LTP. In the subsequent sections, I will discuss the 
possible synapse level manifestation of the high-magnitude LTP observed in CA1 SO and 
how cadherins- 6, 9, and 10 may have a role specifically in such high LTP synapses.  
 
Dissecting the specific role of cadherins-6, 9, and 10 in high LTP expression 
     To better understand how cadherins-6, 9, and 10 specifically regulate high levels of 
LTP, it is necessary to first understand the sequence of events that lead to typical/low 
LTP expression. Postsynaptic NMDAR-mediated LTP in an excitatory spine synapse 
(like the ones in CA1 neurons) is a multistep process that ultimately increases the number 
of GluR1 containing AMPARs in the postsynapse. LTP is induced by either high- 
frequency synaptic stimulation or by low-frequency stimulation while the cell is injected 
with a constant depolarizing current or by spike timing-dependent plasticity protocols 
where synaptic stimulation is followed by an action potential in the postsynaptic neuron 
(Chen et al., 1999; Markram et al., 1997). Essentially, all of these techniques result in 
depolarization of the spine. Sufficient depolarization relieves the Mg2+ block in 
NMDARs, resulting in calcium influx. The calcium binds and activates an enzyme 
Ca2+/calmodulin-dependent protein kinase (CamKII). Activated CamKII performs many 
functions, including synaptic recruitment of AMPARs and activation of Rho family of 
GTPases, which promote actin polymerization and spine enlargement (Herring and 
Nicoll, 2016). Hence, expression of LTP entails building a structurally enlarged and 
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stable spine that harbors increased numbers of AMPARs (Matsuzaki et al., 2004). Studies 
also show that silent synapses that express only NMDARs and no AMPARs can also 
undergo activation or “unsilencing” post LTP induction by AMPAR insertion (Isaac et 
al., 1995; Liao et al., 1995). As silent synapses do not conduct any current during basal 
activity, their sudden activation post LTP induction causes disproportionate increase of 
overall synaptic transmission. Hence, further AMPAR insertion and stabilization in 
AMPAR containing synapses and silent synapses together causes an increase in overall 
synaptic response to afferent stimulation post LTP induction. 
     It was previously hypothesized that SO synapses undergo higher LTP due to reduced 
feed forward inhibition in SO layer compared to SR layer (Arai et al., 1994). Lower 
inhibition would result in higher depolarization, thereby promoting higher LTP as 
described in the picrotoxin experiment. However, this study did not perform specific 
experiments to test the feed forward inhibition in the SO and SR layers. In general, 
enhanced depolarization in the SO layer can result from either reduced feed forward 
inhibition or mechanisms intrinsic to SO synapses and dendrites. Such intrinsic 
mechanisms can include the following pathways:  
1) Individual SO spines may harbor higher densities of calcium channels or reduced 
numbers of potassium leak channels, leading to greater depolarization of the 
spines following synaptic activation.  
      2)   SO dendrites may have different active properties compared to SR.  
     Active properties entail the expression of certain voltage gated ion channels that open 
up to generate a dendritic spike when the dendritic voltage reaches a threshold. 
Additional depolarization generated from dendritic spikes can trickle into the surrounding 
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spines, thereby increasing their depolarization and often aiding with LTP as observed in 
cortical pyramidal and hippocampal CA1 neurons (Golding et al., 2002; Gordon et al., 
2006). Higher SO synaptic depolarization can result from higher SO dendritic spikes 
either due to increased densities of dendritic ion channels or presence of specific ion 
channels in the SO dendrites.  
     Enhanced SO depolarization can further manifest as high LTP through three 
mechanisms,  
1) The proportion of non-silent synapses that are further potentiated (by AMPAR 
insertion) is higher in SO compared to SR.  
2) Similar proportion of synapses are potentiated in both layers but the level of 
potentiation (or the number of extra AMPARs captured) per synapse is 
significantly higher in SO compared to SR. 
3) More activation of silent synapses in SO compared to SR.  
     These mechanisms are not mutually exclusive and it is likely that a combination of 
these result in the higher magnitude of LTP in CA1 SO layer. Cadherins-6, 9, and 10 can 
regulate high LTP through any one of the steps mentioned above. However, results from 
the picrotoxin experiment (Figure 5.1) indicates cadherin-9 can play a role even in SR 
LTP. Hence, although higher SO LTP can result from a SO-specific enhanced 
depolarization pathway, cadherins-6, 9, and 10 are likely to act downstream of that 
pathway (highlighted above as three possible mechanisms). In the subsequent sections, I 
will first describe future experiments that can distinguish between mechanisms 1 and 2 
followed by experiments that can test silent synapse activation in the two layers. I will 




     Although less likely, LTP induction may result in similar depolarization in SO and SR 
synapses while SO synapses may possess some special mechanism via which they can 
express higher levels of LTP even at similar depolarization. However, if such 
mechanisms are depolarization independent, it is unlikely that they will be employed in 
SR synapses during picrotoxin application. Hence, a role of cadherin-9 in artificially 
enhanced SR LTP argues against its involvement in such mechanisms.   
 
Does high LTP comprise higher proportion of potentiated synapses or 
 similar proportion of highly potentiated synapses?  
     Higher LTP in CA1 SO indicates that the increase in AMPAR post LTP induction is 
greater in SO synapses compared to SR synapses. This increase can result either from an 
increase in AMPAR in more SO synapses or from a massive increase in AMPAR content 
in similar proportions of SO synapses (when compared to the number of potentiated SR 
synapses). Further, as increase in spine size (or structural LTP) is in complete coherence 
with increase in synaptic strength (functional LTP) (Matsuzaki et al., 2004), the above 
dichotomy can be extended to SO spine size as well (Figure 5.2). The majority of LTP 
studies are performed using field recordings or voltage clamped neurons. In these 
systems, a postsynaptic response is an ensemble response from multiple synapses. Hence, 
the changes in properties of individual synapses are lost in these experiments. TEM 
reconstruction studies exploring structural LTP using field stimulation could not detect 
any overall increase in spine size in contrast to 2-photon stimulation of single spines 
(Bourne and Harris, 2010; Matsuzaki et al., 2004) possibly because they could not 
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identify the synapses undergoing LTP. Further, the increased SO mushroom spine density 
discussed in Chapter 3 likely results from behavior-mediated intrinsic potentiation of the 
animals while they were in their home cages. These data, although corroborative of high 
SO LTP, is not a direct time-controlled measure of pre- versus post-LTP spine sizes in 
SO and SR layers. Hence, to resolve the above dichotomy, I will propose experiments 
that measure spine sizes and electrical strength of single synapses before and after LTP 
induction in both CA1 SO and SR layer.        
     As mentioned in the previous section, higher depolarization in SO dendrites may 
result from a network or dendritic effect. Hence, although 2-photon uncaging near a 
single spine is ideal to measure spine size differences pre and post LTP induction, it 
cannot recruit feed forward inhibition or active dendritic mechanisms contributing to 
dendritic spikes. Hence, structural LTP in SO versus SR needs to be analyzed by 
stimulating Schaffer collateral axons and identifying spines that respond to the 
stimulation. One way to achieve this is to patchclamp a CA1 neuron with a calcium 
indicator and a cell filler in the patch pipette (Gordon et al., 2006). Once the stimulation 
strength is determined, test stimulations accompanied by high-speed 2-photon imaging of 
different regions of the dendritic tree can help identify spines responsive to the afferent 
stimulation. Imaging these spines before and after LTP induction in both SO and SR 
layer can help resolve the dichotomy in terms of structural LTP. Calculation of the 
proportion of responsive spines that got potentiated and the mean size of the potentiated 
spines can identify if SO layer post LTP induction (compared to SR) comprises a) higher 
proportion of similarly enlarged spines, or b) similar proportions of highly enlarged 
spines, or c) a combination of both. Further, carrying out this experiment in cadherin 
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knockout slices can explain precisely why these animals have lower densities of CA1SO 
mushroom spines. Structural LTP is especially relevant to cadherins as studies on 
cadherin-2 have led to the hypothesis that cadherins stabilize enlarged spines (Benson 
and Huntley, 2012; Bozdagi et al., 2000; 2010; Mendez et al., 2010; Tai et al., 2007; 
Tang et al., 1998). Based on these studies, I speculate that if high SO LTP results from 
highly enlarged spines, then cadherins-6, 9, and 10 likely affect the stability of these 
spines through their unique biophysical properties (Patel et al., 2006) or other unknown 
intracellular signaling properties. On the contrary, if high SO LTP results from higher 
proportion of similarly enlarged spines and if absence of cadherins-6, 9, and 10 reduces 
this proportion, then it can be argued that these cadherins function as a second wave of 
reinforcements while other cadherins (like cadherin-2) get recruited for the regular LTP 
expression observed in SR.  
     In addition to spine enlargement data, this experiment can also provide information 
regarding the calcium transients in the potentiated spines. Experiments on knockout slices 
can indicate if absence of cadherins cause reduced calcium influx in the spines or if they 
act downstream of that. However, calcium forms a minor fraction of the total ions 
entering a postsynapse and hence, to resolve the above dichotomy in terms of functional 
LTP, synaptic currents from individual potentiated synapses need to be measured.  
     To understand the effect of potentiation on individual synapses the average current 
conducted through each synapse, or the average quantal size of a synapse, pre- and post- 
LTP induction needs to be quantified. Quantal analysis can be performed on a patch 
clamped postsynaptic neuron that is receiving near minimal stimulation. EPSPs from a 
single CA1 neuron receiving a low-frequency minimal stimulation in both SO and SR 
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layer can be graphed into a amplitude frequency histogram. This histogram will have 
discrete peaks representing release from different numbers of release sites (or synapses) 
(Bekkers and Stevens, 1990; Larkman et al., 1997; 1991; Liao et al., 1992).  The average 
spacing between these peaks gives an estimate of the quantal size of the synapses that are 
stimulated. Performing this analysis pre and post LTP induction can indicate the increase 
in quantal size following LTP (Liao et al., 1992). If the SO contains higher proportion of 
similarly potentiated synapses, then post-LTP quantal size between SO and SR would be 
similar (but the relative frequency of the different peaks would be unequal). On the 
contrary, if the high SO LTP results from equal proportions of highly potentiated 
synapses, the quantal size of SO synapses would increase compared to SR. These 
experiments can be further conducted in cadherin knockout slices to understand how the 
absence of heterophilic cadherin-6,9, and 10 interaction affects the SO quantal size post 
LTP. One argument against this line of experiments can be that minimal stimulation may 
stimulate too few synapses to result in the sufficient difference in depolarization among 
the two layers. Hence, if no difference in SO versus SR LTP is observed by this method, 
then a special trick can be used to perform quantal analysis in strongly stimulated neurons 
as described below. 
     Replacing the extracellular calcium by strontium results in asynchronous release (or 
aEPSC) from individual synapses for few hundred milliseconds following single 
stimulation of the pathway (Levy et al., 2015; Xu-Friedman and Regehr, 2000). These 
release events are almost equivalent to mini EPSC events but with the advantage of 
selectively arising form the stimulated synapses. Hence, the average amplitude of 
aEPSCs gives an estimate of the quantal size. As strontium can be easily washed out and 
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replaced with calcium, this analysis can be performed pre- and post-LTP induction. Post- 
LTP increase in average aEPSC amplitude in SO versus SR layer can be interpreted as 
explained in the previous paragraph.  
     Once the dichotomy is resolved, future experiments can address the exact step(s) 
where cadherins-6, 9, and 10 function. If post-LTP SO quantal size is higher than that of 
SR and if the cadherin knockouts affect this high SO quantal size, several interesting 
possibilities arise. For example, if cadherin knockouts also affect structural LTP of highly 
enlarged spines as described above, then future experiments need to disentangle if 
cadherins-6, 9, and 10 are required for stabilizing the large spines or whether they are 
required for extra AMPAR recruitment/stability or they somehow affect the underlying 
cytoskeleton changes. It has been proposed that there are slots in the postsynaptic 
densities that trap AMPARs post LTP induction. These slot have been further argued to 
be mostly resulting from newly formed actin filaments (Herring and Nicoll, 2016). 
Hence, the high SO LTP could result from massively increased slots in the potentiated 
SO synapses caused by some special degree of actin remodeling occurring in these 
synapses. It is easy to envision that enhanced depolarization by picrotoxin can result in 
such increased slots even in SR synapses. Cadherins-6, 9, and 10 may be instrumental in 
orchestrating these special actin dynamics in the SO synapses and thereby, their loss can 
affect both synapse enlargement and AMPAR recruitment. Or these cadherins may 
simply be acting as special glues that help stabilize highly enlarged spines by keeping 
them bound to the presynaptic boutons. Hence, loss of cadherins would result in collapse 
of these spines that may affect laterally diffusing AMPAR that get recruited post LTP 
(Herring and Nicoll, 2016).  
 102 
	  
     On the other hand, if high SO LTP results from higher proportion of similarly 
potentiated synapses and if absence of cadherins-6, 9, and 10 reduces this proportion 
(keeping the quantal size unchanged), then it can be argued that these cadherins function 
as a second wave of effector molecules. This can be tested by checking if overexpression 
of cadherin-2 in CA1 neurons can rescue the SO LTP phenotype of Cdh9-/- or 
Cdh6-/-;Cdh10-/- slices.  
             
Does high LTP comprise greater activation of silent synapses? 
     As mentioned above, high SO LTP can result from increased activation of silent 
synapses in the SO. This can be measured directly by performing experiments similar to 
those that led to the discovery of the role of silent synapses in LTP (Isaac et al., 1995; 
Liao et al., 1995). Briefly, voltage clamped CA1 neurons need to be stimulated (either in 
SR or SO layer) at an intensity that would evoke no synaptic response at -70mV holding 
potential but evoke positive responses at +40 mV holding potential. In these situations, 
the responses at +40mV result from silent synapses. LTP induction in these neurons 
results in synaptic responses at -70 mV that indicate activated silent synapses (that now 
have AMPARs). If SO LTP measured using this protocol is higher than SR LTP, it will 
indicate that activation of higher proportion of silent synapses contribute to high SO LTP 
levels. Interestingly, if cadherin knockout slices affect SO LTP by specifically reducing 
the activation of silent synapses in SO layer, it will beg the question why they do not 
affect the SR silent synapses (as evident from a lack of SR LTP phenotype in the 
knockouts). In such scenarios, it may be argued that SO silent synapses are in some way 
different than SR silent synapses. However, this argument is also difficult to justify given 
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that cadherin-9 knockouts have SR LTP phenotype when the LTP levels are artificially 
increased using picrotoxin (Figure 5.1). One alternative possibility could be that silent 
synapses differ in their “silence” and some may require higher levels of depolarization to 
be activated and these are the synapses regulated by the cadherins-6, 9, and 10.  
 
 
Figure 5.1: Cadherin-9 functions in artificially increased SR LTP.  
 
(A) Mean CA1 SR LTP timecourse in Cdh9+/+ and Cdh9-/- slices in the presence of of 
picrotoxin (Ptx) before and during TBS (arrow). (B) Quantification of mean SR LTP in 
Cdh9+/+ and Cdh9-/- slices in the absence (first two columns) and presence (last two 
columns) of picrotoxin. Note that picrotoxin addition causes significant increase in SR 











Figure 5.2: Connecting enhanced functional LTP to structural LTP.  
 
(A, B) Schematic of unpotentiated SR (A) and SO synapses (B). (C) Schematic of the 
same SR dendrite undergoing LTP. Note that the first and third synapse (from left) are 
shown to undergo potentiation. For SO synapses, two distinct possibilities are depicted 
for the enhanced potentiation compared to SR (D, E). (D) Schematic showing 
potentiation of all four SO synapses as compared to only two synapses in the SR. (E) 
Schematic depicting enhanced potentiation of the first and third SO synapse resulting in 
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